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III Facoltà di Ingegneria
Corso di Laurea in Ingegneria Informatica

Tesi di Laurea Magistrale

Clock Synchronization Error
Measurement Techniques for RBIS

Relatore:
prof. Stefano Scanzio
Blanca Aguirre Selgas

Aprile 2015

II

Summary
Este Trabajo Fin de Master (TFM) se centra en la sincronización de relojes, un
tema que ha ido ganando importancia en algunos campos del sector industrial como
la automatización, la robótica y las redes de sensores. Este área es especialmente
importante en los sistemas de control automatizados, en los cuales el conocimiento
de la hora exacta de un evento es crucial para el correcto funcionamiento del proceso
de control. La idea general es que, mediante Protocolos de Sincronización (CSP),
se obtiene una visión común del tiempo, lo cual hace posible llevar a cabo acciones
de forma sincronizada y correlacionar las muestras obtenidas en sensores remotos.
Estos protocolos que lo hacen posible utilizan las fechas (timestamps) obtenidas en
los eventos comunes (por ejemplo, un mensaje especı́fico de la red) para corregir el
reloj de los diferentes nodos. En los últimos años, varios protocolos han aparecido en
la literatura cientı́fica, los cuales se han desarrollado detaladamente en el Capı́tulo
2. El funcionamiento de un protocolo de sincronización se define por dos bloques
principales: el propio protocolo y el algoritmo de control (CDA), que en la mayorı́a
de los casos son independientes. El CDA es el algoritmo matemático que calcula
la diferencia u offset entre los relojes de las máquinas a sincronizar. Esta tesis se
centrará en el desarrollo y el análisis de varios CDAs.
Desafortunadamente, los algoritmos de control que emplean los protocolos son
normalmente evaluados sólo en simuladores y con algunas suposiciones poco realistas (por ejemplo, la independencia de la frecuencia de oscilación del oscilador de
cuarzo respecto a la temperatura, el suministro de tensión, ...). En este proyecto,
sin embargo, se analiza el comportamiento del protocolo en una instalación real.
En particular, el protocolo empleado en esta tesis es RBIS (Reference-Broadcast
Infrastructure Synchronization, [5]), el cual se emplea en redes WiFi 802.11. Este
protocolo ha sido diseñado para ser usado en redes industriales, en particular en
aquellas que tienen conexión con cable y conexión WiFi al mismo tiempo, y cada
vez está tomando mayor importancia en este campo.
Además, RBIS ha sido desarrollado para WLANs dotados de un Accesss Point
(AP). De hecho, RBIS es capaz de sincronizar redes hı́bridas porque combina caracterı́sticas de RBS y PTP (protocolos de sincronización previos explicados en el
Capı́tulo 2). Por un lado, registra los timestamps sólo cuándo recibe una señal
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(como en RBS), lo cual supone la obtención de mejores resultados que otras modalidades, incluso teniendo en cuenta que no compensa los errores de propagación.
Merece la pena subrayar que estos retrasos no suponen un aumento relevante del
error, puesto que las distancias entre los AP y los nodos a sincronizar no son especialmente significativas. Este error de propagación significa, como máximo, un retraso
de algunos cientos de nanosegundos. Por otro lado, la topologı́a tı́pica de una red
está formada por varios nodos esclavos que se sincronizan todos con el mismo reloj
master, estructura que se da también en el protocolo IEEE 1588 PTP.
Empleando el protocolo RBIS, algunos algoritmos de control propuestos y simulados en[16] - especı́ficamente aquellos basados en regresión y en redes neuronales
- serán evaluados en una instalación real (expuesta en [6]). Esta instalación es un
escenario de aplicación que permite asegurar que los resultados son válidos para la
mayorı́a de protocolos de sincronización. El banco de pruebas empleado para el desarrollo de este proyecto fue cedido por el Consiglio Nazionale delle Ricerche (CNR),
en el Politécnico de Turı́n, para que el alumno realizara los diferentes experimentos
que le han permitido llegar a una conclusión sólida con mejoras tangibles en cuanto
a los algoritmos de control a emplear en este protocolo. Fı́sicamente, está compuesto
por dos CPUs y un sistema de adquisición de datos (un tercer CPU). Uno de los
dos procesadores de datos nombrado actúa como nodo master y el otro como nodo
esclavo. Ambos ordenadores están equipados con un procesador Inter Core2Duo
E7500, trabajando a 2.93GHz. Además, un equipo WiFi IEEE 802.11n sirve de
enlace entre las dos máquinas a la hora de realizar los experimentos. Por último, un
punto de acceso es el encargado de generar los mensajes de sincronización.
Con esta configuración, mostrada de manera esquemática en la Figura 5.1, se
lleva a cabo el proceso: una vez el punto de acceso ha enviado el mensaje de sincronización y éste ha sido recibido por las CPUs, cada uno de ellos registra un
timestamp, con un identificador único. A continuación, estos timestamps y sus identificadores son colocados en un buffer local. Comienzan entonces los subprocesos de
envı́o y recepción de mensajes de seguimiento. Estos mensajes, enviados cada segundo por el nodo master, contienen los más recientes nt timestamps registrados en
el mismo. Cuando el esclavo recibe este mensaje, incluye la información en su buffer
y elimina los posibles duplicados (el protocolo incluye un sistema de control para
evitar la pérdida de información que hace que cada dato se envı́e más de una vez).
Siempre desde el procesador esclavo, el próximo paso es el de hacer corresponder
los registros del master con los del esclavo mediante los identificadores. Con estas
parejas de datos, el nodo esclavo actualiza su reloj virtual en base al algoritmo de
control empleado en ese momento.
En este punto, cabe destacar que el objetivo de este trabajo es, de hecho, el de estudiar y comparar algunos CDAs desde el punto de vista del error de sincronización.
Ası́, la parte principal del trabajo consiste en el estudio de las diferentes técnicas,
que son después desarrolladas, implementadas e integradas en el protocolo RBIS:
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Figure 1.

Esquema del banco de experimentos empleado en el desarrollo del TFM.
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1. Regresión lineal: a grandes rasgos, es un procedimiento matemático para
encontrar la curva que mejor se adapta a una colección de puntos, minimizando
la suma de los cuadrados de las distancias del punto a la curva.
Este es el método que estaba ya integrado en el protocolo. La mejora que
se llevó a cabo fue la traducción de esa parte del código a Python, con los
cambios correspondientes en el software de base y la sustitución de variables
y procesos para conectar ambos lenguajes. Esta integración se llevó a cabo
llamando al intérprete de Python desde el código escrito en C.
La decisión de emplear Python como lenguaje fue impulsada por el hecho de
que Python es un lenguaje de programación muy potente, intuitivo y sencillo
de aprender. Además, permite desarrollar y testar algoritmos de control con
más facilidad que otros lenguajes.
2. Regresión de segundo y tercer orden: en estadı́stica, la regresión polinomial es una variante de la regresión lineal, en la cual la relación entre la variable
independiente x y la variable dependiente y se modela como un polinomio de
enésimo grado.
Este algoritmo no habı́a sido empleado en el campo de la sincronización de
relojes hasta el momento. En cualquier caso, la implementación con Python
fue muy sencilla, pues se emplea la misma función que se necesita para calcular
la regresión lineal.
3. Filtro de Kalman: es un algoritmo de estimación cuadrática que usa una
serie de medidas recogidas en el tiempo, que contienen ruido y otras imprecisiones, y produce estimaciones de variables desconocidas que suelen ser más
precisas que las que se basan en una sola medida. Este método, implementado
en Python, fue integrado en RBIS y evaluado en la instalación real.
4. Redes Neuronales: las redes neuronales se componen de unidades básicas, en
algún modo parecidas a las neuronas reales, que se unen mediante conexiones
cuyo peso es modificable, como un resultado de un proceso de aprendizaje.
Por lo tanto, este método requiere un paso previo de training, durante el cual
los datos obtenidos de la instalación se emplean para calcular el peso mejorado
de las conexiones y guardarlo en un archivo. Después de eso, la parte del test
del algoritmo consiste en el cálculo del tiempo del nodo slave basado en el
tiempo del nodo master. Todos estos programas han sido escritos en Python.
El último paso de este trabajo fue la implementación del código de los nuevos
algoritmos de control y el estudio de su funcionamiento una vez integrados
en el software. Es interesante resaltar que es la primera vez que las redes
neuronales son experimentadas en un contexto real (hasta ahora sólo se habı́an
hecho simulaciones).
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Para analizar estos métodos, el banco de experimentos cuenta con el sistema de
adquisición de datos. Al mismo tiempo que la CPU esclavo va ajustando su reloj
virtual, ambas máquinas están programadas para generar pulsos periódicamente en
sus puertos paralelos (cada 500ms). Estos pulsos son registrados y procesados por
el sistema de adquisición de datos, que evalúa el error de sincronización. Este error
está producido por diferentes causas, tanto fı́sicas de la propia instalación (ruido
en la red, temperatura del cuarzo de los relojes de los ordenadores, etc.) como del
protocolo y, en particular, del algoritmo de control con el cual se lleva a cabo el
cálculo de la diferencia entre los timestamps. También está muy influenciado por el
número de timestamps para los cuales se realiza este cálculo en cada proceso (k).
Por ello, se analizan los métodos de control en función del parámetro k, siguiendo
los siguientes pasos:
1. La integración del software en la instalación real (en lenguaje C) y la traducción
al lenguaje de programación Python utilizado para implementar los algoritmos
de control. Se obtuvo ası́ una nueva versión del software RBIS.
2. La implementación en Python de los algoritmos de control basados en la regresión tanto lineal como polinomial, y su evaluación en términos de precisión
en la sincronización (se mide el error de sincronización). Para ello, se obtuvieron diferentes gráficos que ayudan a comparar el funcionamiento de los
distintos CDAs.
3. La construcción de bases de datos obtenidos de los resultados de los experimentos de las fases anteriores, para lo cual se llevaron a cabo ciertas modificaciones
en el software de la instalación. Estas bases de datos se emplearán para la fase
de entrenamiento o training de las redes neuronales.
4. La escritura del software que realiza el training y el test del algoritmo de redes
neuronales. Este software se ha escrito enteramente en Python.
5. Tras la evaluación del correcto funcionamiento de este software con algunas
simulaciones, se llevó a cabo la implementación del mismo en el software de
RBIS y se probó su funcionamiento en la instalación real.
Una vez realizadas estas actividades, los resultados fueron comparados por medio
algunos gráficos. En ellos, se compara el error de sincronización para los diferentes
valores del parámetro k para cada CDA. La Figura ?? muestra el máximo valor del
error de sincronización para los distintos valores de k en los algoritmos de control
estudiados, mientras la Figura ?? muestra el percentil 99.9 de este error y la Figura
?? su desviación estándar. De este gráfico se concluye que la regresión de segundo y
tercer orden supone un error menor de sincronización para valores de k superiores a
un cierto umbral, alrededor de k = 750. A pesar de ello, las conclusiones obtenidas
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Figure 2. Valor máximo de error para los algoritmos de regresión lineal, regresión de segundo y tercer orden, y el algoritmo basado en redes neuronales
estudiado en profundidad en este TFM.

VIII

Figure 3. 99.9-percentile for 1st , 2nd and 3rd order spline, and neural networks based control algorithm
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Figure 4. Standard deviation for 1st , 2nd and 3rd order spline, and neural
networks based control algorithm
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en algunos trabajos de referencia, como [11], demuestran que, entre las regresiones
de primer, segundo y tercer orden, la regresión lineal es la mejor elección cuando se
consideran la cualidad de sincronización y la complejidad computacional al mismo
tiempo.
De ese modo, se podrı́a afirmar que los resultados obtenidos son satisfactorios,
pues el algoritmo de control basado en redes neuronales, desarrollado ı́ntegramente
en la tesis, conlleva mejores resultados que la regresión de primer orden. Además,
este algoritmo alcanza mı́nimos en el error de sincronización para valores de k
menores que 750, que suponen una mejora respecto a los otros CDAs estudiados.
Por estos resultados, este trabajo puede tener un impacto en los estudios que
se están desarrollando en este campo. Los resultados suponen una mejora en la
precisión de la sincronización, y permiten comparar varios CDAs para obtener una
solución óptima. De hecho, el software desarrollado por el alumno ha sido utilizado
para continuar con el desarrollo de RBIS. Para reconocer la ayuda que supuso, el
alumno fue mencionado en [11].
A partir de los objetivos alcanzados, las posibles lı́neas futuras son:
• Llevar a cabo más experimentos para comprobar el correcto funcionamiento
de las redes neuronales sobre la instalación, analizando el comportamiento
respecto a las distintas condiciones y variando los parámetros.
• Serı́a interesante estudiar la posibilidad de optimizar el tiempo de ejecución
del código de las redes neuronales incluyendo algunas funciones de la librerı́a
numpy, para sustituir los bucles utilizados en los pasos de run-forward y backpropagation.
• En cuanto al algoritmo de control basado en el filtro de Kalman, podrı́a desarrollarse un método que tuviese en cuenta la pérdida de paquetes. De ese modo,
serı́a un algoritmo más robusto y podrı́a funcionar integrado en el software de
RBIS.
• Por último, se podrı́a llevar a cabo cierta investigación sobre redes neuronales,
y extender el código escrito para emplear una red mayor a la que se utiliza en el
trabajo, que cuenta sólo con tres capas: la capa de entrada, una capa interna
y la capa de salida. Por descontado, otros métodos podrı́an desarrollarse,
además de los ya estudiados.
Este trabajo fue desarrollado en una de las oficinas el Consiglio Nazionale delle
Ricerche (CNR), en el Politécnico de Turı́n, como TFM del alumno. El centro de
investigación establecido en esta universidad es el IEIIT, que lleva a cabo investigaciones cientı́ficas y tecnológicas en el área de la ingenierı́a de la información,
cubriendo campos como telecomunicaciones, informática e ingenierı́a de sistemas,
electromagnetismo aplicado, electrónica, control, robótica y bioingenierı́a.
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Trabajando en este departamento, las responsabilidades legal, ética y profesional
fueron como las responsabilidades en cualquier otra institución: la responsabilidad
legal se tuvo en cuenta al añadir la bibliografı́a de manera precisa, distinguiendo
siempre entre el trabajo realizado por el alumno y la información obtenida de trabajos anteriores. En cuanto a la responsabilidad ética y profesional, se mantuvo
un estudio continuo del campo de la sincronización temporal, del lenguaje de programación empleado y del software usado, para realizar un trabajo competente y
mantener la imagen pública de la profesión.
Por otro lado, el trabajo fue desarrollado a lo largo del año académico 2014/2015.
En concreto, el trabajo comenzó en octubre, cuando se estudió el software de RBIS
y la instalación en la que se llevarı́an a cabo los experimentos. Además, el alumno
estudió el lenguaje de programación Python. Durante el mes de noviembre, algunos
experimentos se llevaron a cabo para comprobar el correcto funcionamiento de la
instalación y se comenzó a trabajar en programas que utilizasen el intérprete de
Python llamado desde un código en C. Una vez lograda esta conexión, se aplicó al
software de RBIS para calcular la regresiones de primer, segundo y tercer orden.
El mes de diciembre se empleó para desarrollar la técnica del filtro de Kalman
y añadirla también a RBIS. De ese modo, durante las vacaciones de Navidad se
llevaron a cabo los experimentos que permitieron comprobar el funcionamiento de
los CDAs desarrollados hasta el momento.
Además, se comenzó a estudiar el algoritmo de las redes neuronales. Este algoritmo suponı́a no sólo escribir un nuevo código, sino editar el software de RBIS
para obtener las bases de datos y construir los archivos que contenı́an la información
necesaria para el training. Por ello, y al tratarse de la parte central del proyecto, el
completo desarrollo de las redes neuronales y su implementación en el software se
alargó durante varios meses. Al mismo tiempo, se escribı́a la memoria de la tesis y
se recogı́an los resultados de los experimentos anteriores.
En resumen, el trabajo se desarrolló a lo largo de siete meses, trabajando a media
jornada, pues debı́a combinarse con las distintas asignaturas que cursaba el alumno.
El total de horas empleadas fue de 662. En el capı́tulo dedicado a la planificación
temporal (Capı́tulo 7) se incluye una explicación detallada de estas horas.
Además, se podrı́a resaltar que este proyecto no supuso ningún gasto para el
alumno ni para la institución CNR. Como mucho, se podrı́a mencionar el coste
del setup fı́sico empleado para los experimentos y el gasto energético de los mismos,
especialmente los 22 dı́as que duraron los experimentos de las vacaciones de Navidad.
El alumno, además, fue provisto de un ordenador para trabajar en el proyecto, y
4 CPUs para realizar las pruebas. En cualquier caso, estos gastos no suponen un
coste adicional de lo reservado por la institución para este equipo de trabajo.
Con todo esto, se puede concluir que el alumno dedicó su estancia en el extranjero, a media jornada, para desarrollar este TFM, mediante el cual logró obtener
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unos resultados positivos para el proyecto que se está desarrollando en este departamento, parte del Politecnico de Turı́n. Los resultados muetran como el empleo de un
algoritmo basado en redes neuronales puede disminuir significativamente los errores
de sincronización del protocolo RBIS, y fueron reconocidos por los empleados del
departamento en su trabajo Reliable comparison of clock discipline algorithms for
time synchronization protocols ([11]).
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Chapter 1
Introduction
This thesis concerns Clock Synchronization, a subject that has become considerably
relevant in some industrial fields as automation, robotics and sensor networks. This
is especially important for automated control systems, wherein the knowledge of the
exact time of an event is critical for the correct function of the entire control process.
The overall idea is that, by means of Clock Synchronization Protocols (CSP), a
common view of time is obtained; which makes it possible to perform synchronized
actuations and to correlate samples obtained by remote sensors. Protocols, that
make this possible, use the timestamps obtained on common events (i.e., specific
network messages) in order to correct nodes clock. In the last years, a number
of control algorithms appeared in scientific literature. Unfortunately, these control
algorithm techniques are usually evaluated only on simulators and with some unrealistic assumptions (for instance the independence of the oscillation frequency of
the quartz oscillator with respect to the temperature, the supply voltage, ...). Some
steps forward are done in this aspect within this project.
In particular, the protocol used in the thesis is the RBIS protocol (ReferenceBroadcast Infrastructure Synchronization, [5]).The RBIS protocol is employed within
802.11 WiFi networks. This protocol has been designed to be used in industrial networks, in particular in those that have both wired and wireless connections, and it
is achieving more and more importance in this field.
Besides, RBIS has been developed for WLANs provided with an access point
(AP). In fact, RBIS is able to synchronize hybrid networks because it combines
characteristics from both RBS and PTP (previous synchronization protocols explained in Chapter 2). On one hand, it takes timestamps only on received frames
(as RBS does), which leads it to achieve better results than other strategies do, even
it does not compensate propagation delays. It is worth underlying that these delays
may not be a great problem, as the distance between the access point and the nodes
is not as significant as to mean more than a few hundreds nanoseconds delay. On
the other hand, the typical network topology consists of several slaves that are all
1
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synchronized with the same master clock, approach that is also used in the IEEE
1588 PTP protocol.
Exploiting RBIS, some of the control algorithms proposed and simulated in [16]
- more specifically those based on splines and on neural network - will be evaluated
on a real setup (the one exposed in [6]). This setup is only an application scenario;
indeed, results are valid for the majority of the synchronization protocols.
As a matter of fact, CSP operation can be defined by means of two blocks: the
synchronization protocol itself and the Clock Discipline Algorithm (CDA), which
in many cases are almost independent. This work focuses on the development and
analysis of the performance of different CDAs.
The aim of this project is to study and compare some CDAs from the point
of view of the synchronisation error. Thus, during the main part of the project,
different techniques where studied, developed, implemented and integrated in RBIS
to carry out the computation of the control algorithm:
1. Least Squares Linear Regression: broadly speaking, it is a mathematical
procedure for finding the best-fitting curve to a given set of points by minimizing the sum of the offsets (distance form the points to the curve) squares.
This method was already working on the RBIS protocol. The enhance accomplished in the project was the translation of this function to the Python
language, with the consequent changes on the remaining C code and the substitution of several variables and processes to connect both languages. This
integration was fulfilled by calling the Python interpreter from the original C
code.
The decision of using Python environment was triggered by the fact that
Python is a powerful programming language, quite intuitive and easy to learn.
Besides, it allows developing and testing new control algorithms faster than
other languages do. It has efficient high-level data structures and a simple but
effective approach to object-oriented programming.
2. Polynomial Fit Regression: in statistics, polynomial regression is a form
of linear regression in which the relationship between the independent variable
x and the dependent variable y is modelled as a nth degree polynomial. This
algorithm had not been used in the clock synchronization field before, but the
implementation of it with Python was quite straightforward, considering that
it uses the same Python function as linear regression does.
3. Kalman Filter: it is a linear quadratic estimation algorithm that uses a series
of measurements observed over time, containing noise and other inaccuracies,
and produces estimations of unknown variables that tend to be more precise
than those based on a single measurement. This method, implemented in
2

Python code, was integrated in the RBIS code and evaluated on the real
setup.
4. Neural Networks: Neural networks are composed of basic units, somewhat
similar to real neurones, linked by connections whose strength is modifiable
as a result of a learning process or algorithm. This method requires to be
actually exploited an offline training step. During the training, carried out
with data obtained from the setup, the optimal strengths of the connections
are calculated and stored in a file. After that, the test part of the algorithm
consists on the computation of the slave time based on the master time. Both
the training and the test are written in Python.
The last step of the thesis meant the implementation of the code of the new
control algorithms in the whole protocol to study its performance with respect
to the previous ones. It is worth pointing out that it is the first time that
Neural Networks are experimented in a real contest (only simulations have
been carried out until now).
In order to analyse these methods, several actions must be fulfilled:
1. the realization of an integration software between the real setup (realized in
C) and the Python programming language used for the implementation of the
control algorithms,
2. the implementation in Python of the splines based control algorithms, and
their evaluation in terms of synchronization accuracy,
3. the collection of some databases useful to train and test the approach based
on neural networks (this require a number of modification of the C software
used in the real setup),
4. the implementation in Python of the front-end software used to pre-process
the database obtained in point 3,
5. the realization in Python of part of the software used to train and test the
neural network, and a first performance evaluation,
6. the integration of the neural network control algorithm in the software of the
real setup.
Once all these steps have been accomplished, results (according to [16] and [11]
and considering the expected improvement achieved by the implementation of neural
networks) have been compared by means of some graphs. These graphs show the
evolution of the synchronization error varying the configuration parameters of the
different CDAs.
Besides, the project has the following outputs:
3
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1. A customized RBIS protocol software that includes the use of the Python
interpreter for the control algorithm computation.
2. The evaluation of the Splines based control algorithm. Several plots are reported in the thesis. Results are compared with respect to other CDAs, and
advantages and drawbacks highlighted.
3. Obtaining of the databases on real operating conditions and through the software described in point 1. Also the weight files were acquired, which are useful
to execute RBIS with a neural network based CDA.
4. Evaluation of the Neural Networks based control algorithm and comparison
with the spline based ones.
The thesis will be divided heeding the following structure: in Chapter 2 several
CSP are introduced, in order to make it easier for the reader to understand the way
of working of the CSP that concerns this thesis: RBIS. Chapter 3 focuses on the
different techniques utilized to compute the representative parameters (e.g., skew
and offset in linear regression method) used by the slave node to adjust its local
clock, i.e., the so-called CDAs.
After that, in Chapter 4 the main steps followed to achieve the aims of the
project are described; and Chapter 5 gathers the results from the experiments carried
out after the software development of the previous chapter. The results are also
commented in this chapter.
Finally, Chapter 6 summarizes the main ideas of the thesis and mentions the
goals achieved, explaining the possible future paths of study, the probable impacts
this project may have and several aspects concerning legal, ethic and professional
responsibility within the work developed. Chapter 7 details the temporal planning
and the budget of the project.
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Chapter 2
Clock Synchronization
Synchronization among devices and applications is becoming more and more important in several areas of industry. This is especially noticeable when talking about
automated control systems, wherein the knowledge of the exact time of an event is
critical for the correct function of the entire control process. Clock synchronization
is, in fact, a problem from computer science and engineering, which deals with the
idea that internal clocks of several computers may differ. Even when initially set
accurately, real clocks may diverge after some amount of time due to clock drift,
caused by clock counting time at slightly different rates. There are several factors
that occur as a repercussion of clock rate differences, and several solutions, ones
being more appropriate than other in certain contexts.
A very effective way to achieve an accurate synchronization is to use Clock Synchronization Protocols (CSP), which employ the underlying communication networks to keep the local clocks of the different nodes aligned. Because of that, the
topic of clock synchronization of network nodes has attracted considerable attention.
Besides, the aim of getting nodes aligned is not only weighty in factory automation,
but also in many other distributed systems that involve interactions between objects, human beings and environment. As examples, robotics, home automation
and sensor networks can be cited (an explicative image of two of them can be seen
in Figure 2.1). Additionally, smart grids for energy transportation and distribution
are becoming one of its main application fields. Needless to say is the fact that the
required degree of accuracy depends on the specific application considered.
As modern control applications consist of a number of distinct cooperating processes, it could be more than advantageous for the different devices to share a
common view of the elapsing time. The alignment of their locals clocks to a global
time is generally attained by exchanging messages over the network according to
the CSP named above. Even there are other ways of keeping clocks synchronized,
such as using the time reference provided form a GPS or a time code broadcast
by a ground station on a long-wave radio channel, there may be considered several
5
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Figure 2.1.

Possible applications of CSP

drawbacks. First, there are many real contexts in which they cannot be used, e.g.,
any area that is not able to reach a GPS signal. Second, they may suppose more
costs than a CSP does, as it is needed to have a GPS device or a signal processor
integrated in each node. Finally, the use of these devices means a greater current
consumption that should also be taken into account. Furthermore, using the same
network for both communication and synchronization reduces implementation costs.
For all these reasons, CSP are being adopted more and more, and different types of
them are being studied and developed.
Focusing on synchronization protocols, they can be divided in two classes, as
follows:
• General-purpose solutions, which are not defined concretely for specific technologies of manufacturing automation or distributed control applications, but
are also used in other contexts (e.g., office automation). Some of these solutions are the Network Time Protocol (NTP) and the Precision Time Protocol
(PTP), which will be discussed later.
• Special-purpose solutions, which are conceived explicitly for use in real-time
control systems (industrial, automotive, embedded, etc.). In many cases, in
order to apply these protocols, specialized hardware is compulsory to support proper operation. It is worth naming the distributed clocks mechanism
6

of EtherCAT, mainly used in factory automation, and the synchronization
protocol of FlexRay, mostly intended for the automotive domain.
As mentioned before, the aim of a CSP is to procure an instrument to keep
the local clocks in a group of networked devices aligned to the same system time.
All clock synchronization protocols work somehow the same, by carrying out the
following three steps:
1. First, deviations of local clocks are estimated with respect to the system time.
For this aim, there are needed some common events that set the moment
in which timestamps need to be taken. At these events, thus, two or more
nodes take timestamps and register them in order to exchange that information
with the other devices of the assemblage. Clearly, the nodes must have a
similar way of understanding the synchronizing event, so that it takes place
at the same time for all the systems involved (taking into account that it
is practically impossible for the devices to register the signal at the exact
same moment). Timestamps on these events can be packed in a message and
sent both from a master node or by any of the nodes of the network. Even
though it is not always this way, in many cases these messages carry also the
timing information. As previously mentioned, there are different ways in which
these events (from now on considered always messages) can be generated or
managed. Some of these options are mentioned below.
(a) Master-Slave approach: in this method there is a node that differentiates from others, which is named master. This node holds the reference
time and sends synchronization messages to other devices. The rest of
the devices are named slaves.
(b) Client-Server approach: this procedure is quite similar to the one
described above, in the sense that it has a node that acts differently from
all the others. This node is called server. The main unlikeness is that
each client, starts the communication with the server. If the server does
not receive the request, it does not send any package.
(c) Producer-Consumer approach: this system differs from the two others in its structure, as there are not special nodes, but all nodes act
exactly the same. Each node spreads a message of synchronization over
the network, and this message is captured by all the other nodes. With
that information, the assemblage come to an average reference time.
Any of the three options may come through the uncertainty when trying to
determine its timestamps accuracy. This can be caused by several factors,
among which they are worth naming:
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• the time of the reference node may not be precise enough due to the
stability of its local time source or its ability to synchronize with an
external source,
• jitters and propagation delays experienced by packets travelling across
the network and the way timestamps are taken by the different devices,
which can vary depending on the network adapter,
• the internal architecture,
• and the operating systems.
All these parameters should be taking into account when studying the efficiency of the various protocols. Besides this classification, there could be done
other two categorizations: regarding whether a node can or cannot assume
both the sender and the receiver role, and regarding whether the propagation
delay is or is not compensate during the synchronization. To understand the
differences between the methods, it is necessary to explain the most popular
challenges that a synchronization protocol needs to face.
When a node in the network generates a timestamp to be sent to another node
for synchronization, the packet carrying the timestamp will face a variable
amount of delay until it reaches its destination and is decoded at its intended
receiver. Sources of error in network time synchronization methods can be
decompose into four basic components:
• Send Time: time spent to construct a message at the sender. It includes
the overhead of operating system, and the time to transfer the message
to the network interface for transmission.
• Access Time: delay suffered from packets at the medium access control
layer before actual transmission.
• Propagation Time: time spent in propagating the message between
the network interfaces of the sender and the receiver.
• Receive Time: time needed for the network interface of the receiver to
receive the message and transfer it to the host.
Knowing the different sources of error for these protocols allows an easy understanding of the classification.
A first important division is the following:
• Sender/Receiver: in this kind of protocols, a receiver synchronizes to
the clock of the sender. A set of timestamps is expedited and received.
8

Figure 2.2. Comparison of a traditional synchronization system with a
receiver/receiver one.

Some of the most used traditional protocols that incorporate this structure are NTP and IEEE 1588 (also known as PTP), which are going to
be described in the sections below.
• Receiver/Receiver: in this scheme, nodes send reference beacons to
their neighbours. Timestamps are only on reception. Some examples of
protocols that belong to this class are RBS and RBIS, which will both be
presented in the following sections. In Figure 2.2 the difference between
these synchronization techniques and the sender/receiver one is clearly
shown.
For the second assortment:
• Delay propagation is compensated: when the propagation time is
taken into account and compensated by the algorithm used for the synchronization. PTP protocol is contained in this class.
9
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• Delay propagation is not compensated: propagation time is neglected. Both RBS and RBIS belong to this category.
These classifications will be considered in the following sections to describe
the protocols.
2. Second, suitable compensation values are computed using the acquired samples. This compensation, generally, can be performed trough two diverse kind
of actions.
• Rate correction: as the frequency is affected by tolerances and environmental parameters (e.g. temperature), the frequency deviation (drift)
between the local clock and the system time needs to be monitored in
each node and the frequency of the local clock consequently adjusted.
• Offset correction: as misalignments may occur also because of a non precise initialization, the offset of every local clock must be corrected as
well. The most successful protocols do use both rate and offset corrections to achieve better results. It should be pointed out that the offset
could be corrected only once, when the synchronization protocol starts
(even it is usually rectified cyclically), but rate deviations have to be corrected through continuous and adaptive mechanisms, as they are caused
by several phenomena that are difficult to measure and correct.
3. Finally, local oscillators are corrected. Transmission latencies from the different nodes can be taken into account in order to achieve a better synchronization. Every message exchanged is affected by both propagation delays and
passthrough delays. It is worth explaining that first are usually caused by the
physical distance and obstacles between the nodes, while the second depend
basically on the inherent technology.
Propagation delays can be tested right in the design phase or evaluated at run
time, depending on the system. It is true, anyway, that testing this delay while
designing the system leads to eliminate disturbances at the system start-up,
which means to obtain a more reliable solution. Latencies introduced by the
network controller and protocol stack in each device may also affect the quality
of synchronization, even though they can often be neglected when timestamps
are obtained in hardware.
To cope with the different delays, some synchronization protocols provide the
means for compensating transmission latencies. Needless to say that these
latencies depend on the size of the network, and may grow noticeably in large
geographic networks. Sometimes they may be affected by jitters, which are
amend by low-pass filters for timestamps.
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After having introduced the general characteristics of a CSP, the most popular of
them are presented in the next sections. Firstly, the Network Time Protocol (NTP)
is described, which is one of the oldest protocols in use. This protocol considers only
the synchronization of wired networks, and so it does the Precision Time Protocol
(PTP) detailed in second place. The standard IEEE 1588 PTP is actually one of
the most utilized in real-time applications. The protocol presented after that is the
most popular protocol for wireless networks, even though it has not been defined as
an standard: Reference Broadcast Synchronization (RBS).
All these protocols are described to make it easier to understand the protocol
that concerns this project, which is the Reference-Broadcast Infrastructure Synchronization (RBIS) protocol. It is able to synchronize hybrid (both wired and wireless)
networks, reaching a more than acceptable accuracy, which turns it into a pretty
interesting method to study about.

2.1

NTP

The Network Time Protocol is a networking protocol for clock synchronization between computer systems over packet-switched, variable-latency data networks. In
operation since 1985, NTP is one of the oldest internet protocols in use. The current
protocol is version four (NPTv4)[9], which is a proposed standard as documented
in RFC 5905.
This protocol is intended to synchronize all participating computers within a
few milliseconds to the Coordinated Universal Time (UTC). It uses an algorithm
to select accurate time servers, and it is designed to mitigate the effects of variable
network latency. It is usually described in terms of client-server model, but can as
easily be used in peer-to-peer relationships where both peers consider the other to
be a potential time source.
In this protocol, timestamps are sent and received using the User Datagram
Protocol (UDP), so it can be applied in every network supporting, UDP/IP protocol
suite. In spite of this, it is not a satisfactory solution for industrial environments,
as its accuracy is not enough for that purpose.

2.1.1

Clock strata

NTP uses a hierarchical, semi-layered system of time sources. Each level of this
hierarchy is termed as stratum and is assigned a number, starting with zero at the
top. This number represents the distance from the reference clock, and its aim is to
prevent cyclical dependencies in the hierarchy. Generally, nodes can be subdivided
into primary servers, secondary servers, and clients, depending on the stratum they
belong to. Figure 2.3 shows a general scheme of NTP. It is worth pointing out
11
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Figure 2.3.

NTP network architecture
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that only strata 0 to 15 are valid, stratum 16 is used to indicate that a device is
unsynchronized. A primary server that receives a time signal from a stratum 0
device either through the GPS network or national time and frequency transmission
is known as a stratum-1 device. These servers are synchronized to the ones from
stratum 0 directly, not through the network. Notwithstanding, stratum-2 devices are
synchronised from a stratum-1 device across a network connection. Due to network
jitter and delays, stratum-2 servers are not as accurate as stratum-1 time servers.
A NTP client synchronized from a stratum-2 source would be a stratum-3 device,
etc. In the bottom of the stratum clients can be found, which are not named servers
because they are not able to provide time references to other entities of the network.

2.1.2

Clock synchronization algorithm

A typical NTP client will regularly poll three or more servers on diverse networks.
The periodicity with which messages are sent has an important influence on the
quality of the synchronization. To synchronize its clock with a remote server, the
client must compute the round-trip delay time and the offset. The round-trip delay
δ is computed as [8]:
δ = (t3 − t0 ) − (t2 − t1 )

(2.1)

where
t0 is the client’s timestamp on the request packet transmission,
t1 is the server’s timestamp of the request packet reception,
t2 is the server’s timestamp of the response packet transmission and
t3 is the client’s timestamp of the response packet reception.
Figure 2.4 clarifies the notation used.
The offset θ is given by:
t2 − t3
(2.2)
2
Once δ and θ are calculated, they are passed through filters and subjected to statistical analysis. The clock frequency is then adjusted to reduce the offset gradually,
creating a feedback loop. The synchronization is correct when both the incoming
and the outgoing routes between the client and the server have symmetrical nominal
delay. If the routes do not have a common nominal delay, there will be a systematic
bias of half the difference between the forward and the backward travel times.
θ = (t1 − t0 ) +
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Figure 2.4.

2.2

NTP timestamps notation. Note: From [20]

IEEE 1588 (PTP)

The Precision Time Protocol (PTP) is a protocol that, on a local area network,
achieves clock accuracy in the sub-microsecond range, making it suitable for measurement and control systems. It was originally defined in the IEEE 1588-2002
standard, revised in 2008, when the IEEE 1588-2008 [1] was released. This version
improves accuracy, precision and robustness.
This protocol is useful in many applications, as automation technologies and
interactive robots. For its accuracy and its capacity of making clocks run synchronously in distributed structures, it has been adopted in several systems, most
of them carrying out real-time automation protocols. Some examples are: CIPsync,
which is part of the EtherNet/IP frameworks of the ODVA, PROFINET, which has
PTP as a synchronization protocol on its roadmap and Ethernet POWERLINK,
which uses it for synchronizing real-time segments.
The protocol defines synchronization messages exchanged between a master and
various slave clocks. The master is the provider of time, and the slaves synchronize
to the master. Among the different relationships between nodes, a port state may
also be passive, which means that it does not send messages in an active way. A
Grandmaster is a master that is synchronized to a time reference such as GPS.
To described the structure mentioned above, shown in Figure 2.5, five types of
nodes are defined:
• Ordinary clocks are nodes with a single port, which can act either as masters
or as slaves.
• Boundary clocks have two or more ports. They are used to set up structures
with tree topology.
• End-to-end or Peer-to-peer nodes are transparent network elements. These
nodes are not slave or master nodes, but switches that prevent the lack of
14
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Figure 2.5. PTP network architecture; port states: M (master), S (slave)
and P (passive). Note: From [4]
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determinism caused by intermediate network elements.
• Management nodes are used for controlling aims.
Messages in this protocol include master synchronization message, master delay
response message, and the slave clock delay message. The master clock provides
synchronization messages that the slaves use to correct their local clocks. Precise
timestamps are captured at both master and slave clocks, which are used to determine the clock offset and the network latency. Typically, the master transmits a
synchronization message every two seconds, and the slave sends a delay request one.
This message is not sent cyclically, but each slave compute a random time, typically
between four and sixty seconds, and uses it to trigger the sending of the message.
This way, the requests do not arrive all at the same time to the master, preventing
a possible overloading of the node. It is worth noting that synchronization accuracy
depends on synchronization intervals. Shorter intervals lead to higher precision because control algorithms in the slaves are provided with a larger number of pretty
recent timestamps.
Four timestamps are captured between the master and the slave clock, which are
necessary for the slave offset calculation. The timestamps are commonly referred to
as t1 , t2 , t3 , and t4 (see Figure 2.6).
Two offsets must be calculated: the master-to-slave and the slave-to-master one.
In order to find slave’s offset, the next steps have to be followed:
• t1 is the first timestamp, and it is the sending time of the sync message sent
by the master. This time should be sent in the follow up message, since the
time of t1 is usually sampled when the sync message is transmitted to the
Ethernet port. t2 is the second timestamp. It is the receiving time of the
synchronization message as it is received at the slave. The master-to-slave
difference can be calculated once both t1 and t2 are available at the slave:
M asterT oSlave = t2 − t1

(2.3)

• t3 is the delivery time of the delay request message from the slave. The fourth
timestamp, t4 , is the time of the delay request message when received at the
master. The slave-to-master difference is computed once both t3 and t4 are
available at the slave:
SlaveT oM aster = t4 − t3

(2.4)

• After that, the slave is able to determine the one-way delay by means of:
OneW ayDelay =
16

(t4 − t1 ) + (t3 − t2 )
2

(2.5)

2.2 – IEEE 1588 (PTP)

Figure 2.6.

PTP Timestamps. From: [1]
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• For synchronizing to the master clock, offset values are used, which are calculated by means of the following equation:
of f set = t2 − t1 − OneW ayDelay =

t2 + t3 − t4 − t1
2

(2.6)

The IEEE 1588 protocol does not define how to implement clock regulation
algorithms into master and slave nodes. As all clock synchronization protocols,
PTP can make use of software or hardware timestamps.

2.3

RBS

Reference-Broadcast Synchronization (RBS) [13] is a protocol in which each device
sends reference signals to their near participants using physical-layer broadcast.
Each message does not contain a timestamp: the different clocks utilize the time at
which a message arrives as a reference, so they can compare their clocks based on
that point in common. Among the algorithms described so far, this is the first one
that considers wireless networks. Besides, it provides more precision and requires
less energy to perform synchronization than other protocols do. RBS protocol relies
in the fact that broadcast messages are received all at the same time by all the nodes
connected, neglecting propagation delays. The protocol is only based on timestamps
taken on the reception of messages, i.e., it is not based on the master/slave approach.
Thus, the error depends exclusively on the propagation time and receive time.
RBS operation is quite simple: a sender node sends periodically a broadcast
message. Every receiver node (at least two are needed) takes a timestamp when it
receives this message. After that, timestamps are exchanged among all the nodes in
the network and each node evaluates the offset of its local clock with respect to the
others. Linear regression over a set of samples acquired is performed to moderate de
jitters on timestamps and to evaluate the clock skew. Then the control algorithm
discards the outliers that may corrupt the results. Each node, by knowing the clock
skew and the phase offset with respect to the others, is enabled to set up a virtual
clock. This means that RBS allows all the nodes covered by the transmission of a
frame to be synchronized. It is worth noting that a node cannot act as sender and
as receiver at the same time, and that senders are not synchronised. However, every
node may be synchronized if sender and receiver roles are exchanged from time to
time. Figure 2.7 shows an explanatory scheme of RBS.
Nevertheless, this protocol has also some drawbacks that should be taken into
account, specially when compared to traditional master/slave synchronization algorithms such as IEEE 1588 (PTP). In addition, RBS requires that the network includes at least three nodes, which is derived from the fact that it is a receiver/receiver
18
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Figure 2.7.

The RBS synchronization protocol. From [12]

protocol. Besides, as RBS is not a master/slave protocol, it does not permit a synchronisation with an external source, and for that reason it cannot be applied in the
majority of the industrial automation contexts.
The basic scheme RBS uses to estimate clock offset of two receivers i and j is:
1. A node broadcasts a reference message to receivers i and j.
2. Receivers i and j record their local time upon arrival of the reference message,
ti and tj .
3. Receivers i and j exchange their locally observed arrival time and thus calculate their relative clock offsets as θi = ti − tj .

2.4

RBIS

Reference-Broadcast Infrastructure Synchronization (RBIS) [5] protocol is the last
procedure explained in this introduction, as it is the one that concerns this project.
This protocol has been designed to be used in industrial networks, in particular
in those that have both wired and wireless connections. Thus, RBIS has been
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developed for WLANs provided with an AP. In fact, RBIS is able to synchronize
hybrid networks because it combines characteristics from both RBS and PTP. On
one hand, it takes timestamps only on received frames (as RBS does), which leads
it to achieve better results than other strategies do, even it does not compensate
propagation delays. It is worth underlying that these delays may not be a great
problem, as the distance between the access point and the nodes is not as significant
as to mean more than a few hundreds nanoseconds delay. On the other hand, the
structure considers several slaves that are all synchronized with the same master
clock, approach that is also used in the IEEE 1588 PTP protocol.

2.4.1

Advantages and drawbacks of RBIS

RBIS has several advantages, which are interesting considering.
• Firstly, it can be easily implemented. Any wireless sub-network can be synchronized with an external time source located on the wired backbone using
RBIS. It does not suppose a great investment, as it can be installed using only
Commercial-Off-The-Shelf (COTS) components, and the access point does not
require any change to support it.
It is worth pointing out that the minimum number of wireless nodes that are
required to take part in synchronization is two, while at least three nodes
are needed in RBS protocol. This is caused because, even RBIS follows a
receiver/receiver paradigm, it exploits beacons as the common synchronization
events.
• Secondly, it has been proved that this protocol leads to a better accuracy
than the one achieved with PTP. Besides, in the typical case that Follow Up
messages are sent periodically in broadcast, RBIS is pretty efficient due to the
fact that only one additional message is required to be sent, with a relatively
high period. This efficiency could be even better as the number of timestamps
included in the same Follow Up message is increased.
• Finally, it may be also considered that it is a master/slave protocol, which
permits to set up a timing hierarchy that is consistent with the layered architecture that automation systems normally have.

2.4.2

Structure

RBIS protocol has an easy structure that makes it possible for it to work. It must
be taken into account that it relies on the certainty that broadcast messages arrive,
more or less, at the same time at all the nodes. These messages can be divided into
two different types.
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• Synchronization messages: this message is transmitted with no timestamp
information. The aim of sending it is to create a common event in which all
the devices take a timestamp. This timestamp will then be used to compute
the distance between the different clocks and to try to correct it. Because of
that, the Synchronization message may carry some distinguishing key (i.e., a
unique sequence number embedded), so the timestamps taken each time can
be differentiate.
• Follow Up messages: in contrast to Synchronization messages, Follow Ups
carry information that the different nodes use to communicate among each
other. The classical data exchanged in this broadcast is the value of the
timestamps taken and the sequence number.
The messages named above are traded between three different types of nodes, which
constitute the protocol’s structure. In RBIS, these roles can be assumed by any
station of the network.
• Sync Generator (SG): nodes assuming this role must send a Synchronization
message every tsync .
• Time Master (TM): the devices that act as TM must both take a timestamp
when receiving a Synchronization message and send a Follow Up message containing these timestamps taken. Follow Up message can be sent every tsync ,
i.e., every time a Synchronization message is collected, or cyclically with a
period tF ollow U p .
• Time Slave (TS): the nodes that take the TS role also take a timestamp
every time a Synchronization message arrives. In addition, these nodes take
the information carried in Follow Up messages and compute the difference
between its own clock and the Master’s clock, adjusting then its local clock.

2.4.3

RBIS operating mode

Broadly speaking, RBIS protocol consists on three main steps, shown in Figure 2.8.
1. Firstly, the master and the slave take timestamps of their clocks every time
they receive a Synchronization message.
2. Secondly, TM broadcasts these timestamps taken, carried out in a Follow Up
message, in a periodic way. Each Follow Up message contains the timestamps
acquired on the nt previous Synchronization messages and related sequence
numbers. Depending on the number of TSs, Follow Up messages can be delivered using either broadcast or unicast transmission services. The second
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option gives great robustness to the protocol, but a separate copy of the same
message must be sent to each slave node, and all of them need to be known
by the master node.
3. Finally, all Time Slaves compute the deviation among its clock and the TM’s.
This operation is done utilizing both its own timestamps taken at each Synchronization message and the TM’s timestamps included in the last Follow Up
message. After processing the data, it synchronizes its virtual clock to the reference time of the TM.
To do that computation, sequence numbers are used to pair the timestamps
taken by TS and TM that are related to the same Synchronization messages.
Then, the last nreg timestamps paired are used to perform a linear regression
where, as in RBS, the outliers are discarded iteratively by the control algorithm. This way, a conversion between TM and TS is obtained. It is worth
notting that, in the protocol developed in this project, the outliers are not
discarded, because it has been proved that it did not contribute to improve
the performance.
Let nt be the number of timestamps included in each Follow Up message.
Increasing this number suppose an improvement of RBIS robustness. This is
based in the fact that Follow Up messages have a non-negligible likelihood to
be lost. Hence, if nt is set correctly, missing a Follow Up message does not
mean to lose all the timestamps it contains, as most of them may be contained
either in the previous or in the following message.
As explained before, updates to the local time are driven by a quartz Crystal
Oscillator (XO), which suffers frequency deviations. The difference between
the actual XO oscillation frequency and the nominal frequency is referred to as
skew. The variable component of the skew (drift) is caused by the combination
of several effects, among which temperature, supply voltage, vibration and
ageing should be pointed out.

2.4.4

RBIS network configuration

Several configurations may be contemplated to carry on this protocol. In [5] three
of them are contemplated, which proved to show interesting features. In the first
two configurations considered, TM and SG are incorporated in the same node. The
first of them is based in the fact that, as soon as TM receives a Sync message, it
sends a Follow Up containing its timestamps (nt ). In the second configuration, nt
tuples are embedded directly into Sync messages.
In the third configuration, which will be the one adopted from now on, the AP
takes the role of the Sync generator. This access point sends beacon frames cyclically,
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Figure 2.8.

Explanation of the RBIS steps to perform synchronization

Figure 2.9.

RBIS configurations. Note: from [5]

and the TM, which in this case holds the reference time, sends the timestamps it
acquired every tF ollw U p . As explained before, each TS uses both the timestamps it
has taken and the ones contained in the Follow Up message to adjust its local clock.
In the figure 2.9 the different configurations are pictured.
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Chapter 3
Control techniques
The aim of this chapter is to focus on the different techniques utilized to compute
the representative parameters (e.g., skew and offset in linear regression method)
used by the slave node to adjust its local clock, i.e., the so-called CDAs. These
parameters are also employed afterwards to estimate the schedule of the rising edge
of the parallel port that the machines from the real setup active to calculate the
error remaining between slave and master. This error is computed through an extra
machine that collect the information and studies the performance of the protocol.
This system is called the Acquisition System (AS) from now on.
Several methods have been studied and implemented, even though not all of them
have worked the same. Modifications of the code have been made progressively.
First, the already implemented program that estimated skew and offset by leastsquare linear regression was traduced to Python, which makes it possible to calculate
a linear regression with a few instructions. For that aim, it was necessary to combine
both C and Python codes with some bridge functions. Once it was proved that this
solution gives as good results as the one with all the instructions in C, the same
function (polyfit) was used to compute the least-squares polynomial fit of second
and third order.
Once these methods had been implemented and the results demonstrated the
diverse behaviours of the model depending both on the method and on the number
of timestamps couples used, a new path of study was contemplate: Kalman-FilterBased clock synchronization algorithm. It is worth noting that a Kalman filter may
not always be feasible due to possible limitations of the devices, but it was anyway of
interest because it is known to provide a solution that, under suitable assumptions,
is optimal or near optimal.
Finally, a Neural Network based method was developed from the very beginning.
In particular, a multi-layer network trained with the back propagation learning algorithm have been used. This approach has been studied because the behaviour of
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these networks can be described within the framework of optimisation and approximation techniques with dynamical systems, which is precisely what this project
attempts to find. In order to clarify the theory basis of these methods, a brief
introduction of each technique is expounded below.

3.1

Least-Squares Linear regression

Linear Least Squares regression is by far the most widely used modelling method.
In fact, it has been also adopted to a broad range of situations that are outside
its direct scope. It is broadly a mathematical procedure for finding the best-fitting
curve to a given set of points by minimizing the sum of the offsets (distance form
the points to the curve) squares.
The way it functions is quite simple: given a data set
{yi , xi1 , ..., xip }ni=1
of n statistical units, a linear regression model assumes that the relationship between
the dependent variable yi and the p-vector of regressors xi is linear. This relationship
is modelled through a disturbance term or error variable (εi ), an unobserved random
variable that adds noise to the linear relationship between the dependent variable
and the regressors. Thus the model takes the form:
yi = β1 xi1 + ... + βp xip + εi = xTi β + εi ,

i = 1, ..., n

(3.1)

Usually, these n equations are stacked together and written in vector form as:
y = Xβ + ε
One of the most common estimation techniques for linear regression is the ordinary least-squares (OLS). OLS estimations are commonly used to analyse both
experimental and observational data.
It is conceptually simple and computationally straightforward: it is a method for
predicting the value of a dependant variable y, based on the value of an independent
variable x. It finds the straight line, called least squares regression line (LSRL),
which best represents observations in a bivariate data set. This method minimizes
the sum of squared residuals, and leads to a closed-form expression for the estimated
value of the unknown parameters β and ε.
β̂ =

n

xi y i − x i y i
P 2
P
n xi − ( xi )2
P

P

P

P

(3.2)

P

yi
xi
ε̂ =
− β̂
n
n
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The estimator is unbiased and consistent if the errors have a finite variance and
are uncorrelated with the regressors,
E[xi εi ] = 0
.
To define the regression line using these equations, a software package or a
graphic calculator is frequently used. Entering the x and y values, the tool calculates each parameter for the population regression line:
ŷ = ε̂ + β̂x,
where
ε̂ is a constant (offset),
β̂ is the regression coefficient,
x is the value of the independent variable and
ŷ is the predicted value of the dependent variable.
Once the regression parameters (ε̂ and β̂) are defined, the regression line has the
following properties:
• The line minimizes the sum of the squared differences between observed values
(the y values) and the predicted ones (ŷ).
• The regression line passes through the mean of the x values and through the
mean of the y values.
• The regression constant ε is equal to the offset.
• The coefficient β is the average change in the dependent variable y for a oneunit change in the independent variable x. It is the slope (the skew ) of the
regression line.
Once this line is computed, in order to schedule the time when the slave must
rise its parallel port, the time of the master is obtained and the the regression line
utilized to calculate the slave’s correspondent time. Thus, this algorithm is used to
synchronize the slave’s virtual clock.
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3.2

Least-Squares Polynomial Fit

In statistics, polynomial regression is a form of linear regression in which the relationship between the independent variable x and the dependent variable y is modelled as a nth-degree polynomial. Although this method fits a non-linear model
to the data, as a statistical estimation problem it is linear, in the sense that the
regression function is linear in the unknown parameters that are estimated from the
data. For this reason, polynomial regression is considered a multiple linear regression. These models are usually fit using also the method of least squares, which
minimizes the variance of the unbiased estimators of the coefficients. In general, the
expected model of y can be model as a nth-degree polynomial, yielding the general
polynomial regression model:
y = a0 + a1 x + a2 x2 + a3 x3 + ... + an xn + ε

(3.4)

Conveniently, the models are, as said before, linear from the point of view if estimation, since the regression function is linear in terms of the unknown parameters
a0 , a1 , ..., an . Therefore, for least squares analysis, the computational and inferential
problems of polynomial regression can be completely addressed using the techniques
of multiple regression. This is done by treating x, x2 , ..., xn as being distinct independent variables in a multiple regression model.

3.3

Kalman

The Kalman filter is a linear quadratic estimation algorithm that uses a series of
measurements observed over time, containing noise and other inaccuracies, and produces estimations of unknown variables that tend to be more precise than those
based on a single measurement. It is quite interesting to consider this method because, even the oscillator of the clocks are usually modelled by linear equations,
non-Gaussian noises lead to suboptimal performance, as stated in [7]. In fact, this
algorithm is known to achieve the optimal solution when two conditions occur:
• The errors considered are gaussian
• The state equations are linear
From [16], we can consider a clock model that fix the conditions mentioned: at
a generic time t, the clock registers of the master and slave nodes (CM (t) and CS (t)
respectively) differ an offset quantity θ(t):
CS (t) = CM (t) + θ(t)
28
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A typical two states clock model can be represented by the following equations
in the discrete domain:
θ(t) = θ(t − 1) + γ(t − 1).τ + ωθ (t − 1)

(3.6)

γ(t) = γ(t − 1) + ωγ (t − 1)

(3.7)

where
τ is the size of the time step, and
γ(t) represents the skew variations.
As defined before, the skew represents the normalized difference between the crystal
oscillator frequency and its nominal frequency:
γi − γ0
γi =
(3.8)
γ0
The ωθ and ωγ are the noises affecting θ and γ, whose distributions are of the
Gaussian type. All these parameters will be taken from [14] to implement the
algorithm in the protocol.
Even it is true that the measured offset and skew could be directly applied as
corrections to the local clock in order to achieve synchronization, this would only
be ideal if the timing information was accurate. As this is not usually the case, the
timing information needs to be preprocessed by a filter.
For this purpose, the clock state equations 3.6 and 3.7 can be written in matrix
form as follows:
(3.9)
x(t) = Ax(t − 1) + Bu(t − 1) + ω(t − 1)
where
u(t) = [uθ (t), uγ (t)]T is the input vector and
x(t) = [θ(t)γ(t)]T is the state vector
The two matrices A and B are function of ∆T (which represents the time interval
between the sync messages. In a similar way, the measurements of the skew and
offset can be defined as
z(t) = [θM (t)γM (t)]T = Hx(t) + v(t)
where
H is the identity matrix, and
v(t) is a vector of two zero-mean random variables whose variances correspond
to σθ2M and σγ2M , respectively. These variables represent the measurement
uncertainty.
Considering all these equations, the estimation of x(t) is achieved by recursively
operations, computed by different calculation methods or devices.
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3.4

Neural networks

Neural networks are composed of basic units somewhat similar to real neurons. The
idea is that these nodes are linked by connections whose strength is modifiable as a
result of a learning process or algorithm. Each of these units combines, in parallel,
the information provided by its synapses in order to evaluate its state of activation.

Figure 3.1.

Inputs and outputs of each unit. Note: from [2]

Figure 3.1 shows a neuron scheme, in which the inputs are denoted xi , the
synaptic weights are noted wij , the total activation of the cell is noted aj and its
response or output, noted oj , is a non linear function of aj .
oj = f (aj )

(3.10)

The main problem that has to be faced is to learn how to adjust the synaptic
weights in order to give the desired response for a given stimulus. There are several
ways of developing this learning: from [2], and beginning from the concept of the
perceptron, the first techniques studied are the linear associators, considering then
the non-linear systems (also called auto-associators), as the Hopfield Nets and the
Boltzmann Machines. Even thought these are some of the most known algorithms,
the one that achieves better results for the aim considered is the Hidden Layer
Networks and Back-Propagation.
To understand this technique, it should be taken into account that its typical
architecture (Figure 3.2) is composed of, at least, three layers of neurons. The first
layer is called the input layer, made of I cells, the next, the hidden layer, which can
actually be composed of more than one layer, consists of L cells, and the output
layer is made up of J neurons. The weights wj,i of the connections from the input
layer to the hidden layer are stored in the L x I matrix M. Besides, the weights zj,l
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Figure 3.2.

Architecture of a typical error back-propagation network. Note: from [2]
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of the connections from the hidden layer to the output layer are stored in the J x L
matrix Z.
From Figure 3.2, the k-th stimulus is denoted f k , the corresponding response
of the hidden layer is denoted hk , the response of the output layer is denoted ĝk ,
and the corresponding target response is denoted gk . The essential idea behind
back-propagation is quite simple and straightforward: the learning is accomplished
knowing what response they should achieve from a given stimulus. The cells of the
output layer compute the error as the difference between the actual response of the
network and the intended one. To that aim, the connection weights are adjusted in
order to decrease the error signal if the same stimulus is presented again. The error
is propagated backwards through the equivalent connections and synaptic weights
to the cells of the hidden layer, were a similar computation is done. In fact, the
error of these cells is estimated as the weight average of the error of the output cells,
using zj,l .
After the error signal of each hidden cell has been estimated, it is adjusted. It
is worth noting that, in order to use error back-propagation, the response of a cell
should be a nonlinear function of the cell activation. Denoting the activation of cell
n as an , its response will be:
on = f (an )
While there are several acceptable functions, the most widely used, mainly because
of its easily computed derivative, is the function:
on = f (an ) =

1
1 + e−an

In particular, in the project developed currently it is used the function hyperbolic
tangent; except the last layer, in which a linear function is used:
o j = aj
The computation carries on the following steps:
1. As said before, the activation of the hidden layer cells is computed and then
transformed or filtered using the function f (x).
2. If the k-th stimulus, noted f k , is presented, the response will be:
hk = f (Wfk ).
3. After that, the hidden response is forward to the output layer cells. The
activation and transformation of these cells is computed similarly. Assuming
that, the response of the output layer to the k-th stimulus will be:
ĝk = f (Zhk ).
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The correction procedure is the same for all the cells. The error is evaluated by
comparing the actual response of the cell with its expected response.
So the error for output cell j, for example, is:
ej = gj − ĝj
Using vector notation, the J x 1 error vector of the output cells for the k-th stimulus
is:
ek = (gk − ĝk )
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Chapter 4
Implementation
This chapter encompasses the main steps followed to achieve the aims of the project.
Over the chapter, several points are mentioned: first, it is explained how RBIS works
and what changes have been done to the software during the thesis. After that, there
is a section that focuses on the programming details of the development and shows
different clock control algorithms, some of them written both in Python and in C.
The last section of this chapter gives exclusive attention to Neural Networks
method construction, describing the different databases that were worked on, and
detailing the code development carried out in both the training and the testing
phase. A database is the file generated from the results of the experiments and
employed to carry out the training part of the neural network algorithm.
Besides, when differentiating the training and the test programs, a new file with
the computed weights of the layers of the network will be also stored, to be later
used in the test part.

4.1

RBIS

In this section, the principal components of the software are described in detail. The
description is divided in two main groups, regarding the configuration of the nodes
involved in the synchronization and the test implementation, respectively. In order
to understand the software structure and the different threads that compose it, it is
useful to look at Figure 4.1.
S
The timestamps tM
i and ti are taken at the very beginning of the ISR procedure
in the drivers of the master and the slave respectively, so as to be as close as possible
to the interrupt raised by the wireless network adapters when the common beacon
event arrives to both nodes. Each timestamp is uniquely identified by means of the
BEAC TIME field in the related beacon. After obtaining the timestamps, both the
master and the slave move them from the kernel to the user space by means of a
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shared memory area SH. Then, timestamps are collected by the thread th collect
in a local buffer LB.
After that, the nodes start to work differently, depending in several options fixed
by default.
The master node cyclically broadcasts Follow Up messages by the th send follow up,
each of which includes the most recent nt timestamps and their identifiers. After
that, when the slave node receives the message, the thread th rec follow up adds
the embedded timestamps and their identifiers to a second buffer RB, removing duplicates. At this point, it is worth pointing out that all the machines involved in
the protocol are equipped with the code files that led them become slave or master,
depending on the initial configuration.
Once the slave node possesses both its own timestamps and the ones from the
master clock, the role of the master has finished from the synchronisation point of
view. Later on, it is explained how the nodes raise their parallel ports to allow the
acquisition system to compute the synchronization error.
In any case, the slave node executes the algorithm to synchronize its clock. To
this aim, the virtual clock controller matches the most recent k timestamps in LB and
RB, and updates the virtual clock using a control algorithm. As introduced in the
previous chapters, the control algorithm can be based on a least squares regression,
both linear or polynomial, or on the neural networks theory.
In order to evaluate the performance of the protocol, the machines are programmed to generate pulses on their parallel ports with period 500ms. These pulses
are scheduled at predefined absolute instants by the RTAI, hard real-time th test
thread, by using the clock on the master and the virtual clock of the slave node
(which has been adjusted by RBIS). RTAI, [18], means ’Real Time Application Interface’, and is an interface for real-time applications. It is a real-time extension for
the Linux kernel, which lets users write applications with strict timing constraints
for Linux.
This th test thread resembles, from every point of view, a task in a distributed
real-time control application, which is synchronized through Wi-Fi and is scheduled
by RTAI. Timestamps are acquired by the acquisition system on the rising edges of
S
the resulting waveforms (xM
i and xi for master node and slave node respectively)
with a precision of 10 ns and a resolution of 1 ns. They are first compensated
as described in chapter 5, and then post-processed to evaluate the synchronization
error, at both the protocol and the application level.
The whole protocol was first written in C code and structured, broadly speaking,
as follows:
• A main code that instantiates the necessary threads, considering the configuration of the PC.
• A source folder in which the different threads were divided into code files, to
36

4.1 – RBIS

Figure 4.1.

Testbed for the evaluation of RBIS performance. Note: From [6]
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obtained a better organized and easily understandable code.The main files in
this folder were:
– config.c, which creates the file config.cfg named above, and loadconfig.c,
which actually loaded the configuration on the computer.
– master.c and slave.c, utilized to initialize the PC with the corresponding
role. There are still some files that both nodes utilize: receiveTimestamps.c, which collects the timestamps from the buffer, and testApplication and parallelPort.c, needed to evaluate the protocol performance.
– It is interesting to point out the codefile logger.c, which does the logging
necessary to generate the databases that contains the results from the
computation and the timestamps stored.
– Finally, there is a differentiation between the file that allows the master do its function, sendFollowUp.c, and the ones required by the slave:
receiveFollowUp.c and virtualClock.c. socketFollowUp.c implements the
functionality of the networks to send the Follow Up messages.
• An include folder with the declaration of the functions defined in the source
folder.

4.2

Python integration

The original RBIS, from which this project was originated, made use of the data
from the slave and the master clock in order to obtain the skew and the offset of a
line that represented the time relationship between the two nodes.
For that aim, the thread employed the master and the slave timestamps on
a C program that calculated the offset(m) and the skew (q). This C function was
named computeControlAlgorithm() and returned the values obtained in the variables
m and q. This method leaded to quite good results. Even thought, computing the
linear regression with that function signified the need of writing a pretty complex
mathematical procedure in C.
At this point, it was considered that a better method may be possible to apply.
This way, the idea of using Python language appeared. This language has a wide
range of modules that ease a great number of operations. In fact, there is a module
called numpy, which contains several functions to compute a linear (or even non
linear) regression. Using it reduces the C code in a one line function, carried out
with the statement polyfit.
Python is a powerful programming language, quite intuitive and easy to learn. It
allows to develop and test new control algorithms, if they do not need to fit extremely
restrictive time requirements. It has efficient high-level data structures and a simple
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but effective approach to object-oriented programming. This characteristic of the
language is, in fact, the reason why not the whole protocol could be written in
Python: it is a high level language, and some threads of RBIS require low level
languages, as they interact directly with the PC’s kernel to obtain the timestamps.
Besides, this language does not work good enough in some cases because of the low
determinism, especially with test applications that must be hard real-time.
In any case, the approach of writing the control algorithm in Python was considered, and it was carried out heeding the following steps (it is worth pointing out
that all the modifications on the software have effect only on those machines that
perform as slave nodes):
1. In the file config.c a new line was added to establish a new variable, called
controlAlgorithm, to zero as default. This variable indicates the method on
which the control algorithm is based:
0 - Linear Regression,
1 - Second order polynomial fit,
2 - Third order polynomial fit,
3 - Neural Networks.
2. In the include folder, a new file was added: c Python.h, declaring the functions
explained bellow.
3. In the source folder, the file c Python.c defined the new functions employed
to integrate the Python code in the protocol:
• init c Python() is a function that initializes the Python interpreter from
C, converting the variables needed in the different Python function into
Python objects, in order to use them when calling the Python statements.
• computeControlAlgorithm c py() is the C function from which the Python
modules are called.
• destroy c py() clears the variables that are not going to be used anymore
and stops the Python interpreter.
4. Finally, the control algorithms were implemented in the file controlAlgorithm.py.
In this file, the parameters from the control algorithm are returned, depending on the variable controlAlgorithm. As commented before, to compute the
polynomial fit, the function polyfit(X, Y, reg) is employed. Parameters of this
function are intuitive: X and Y represent the timestamps data lists and reg
the regression order.
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To understand easily the way the Python interpreter was implemented in the C
code, a little example is described bellow. Besides, Figure 4.2 shows the flow chart
of the steps followed by the compiler to carry out this integration. The following
code represents a little example of a C code that calls the Python interpreter and
uses a Python code to compute several calculations.

//Including libraries
#include "Python.h"
#include <stdio.h>
#include <stdlib.h>
#include <stdint.h>
#include <time.h>
//The program should be called as ./name_executable name_pythonCode
int main(int argc, char *argv[]) {
uint64_t *TM;//timestamps from Master
uint64_t *TS;//timestamps from Slave
unsigned int numero_elementi = 10;//quantity of timestamps collected
int i;
double offset;
uint64_t skew;
TM = (uint64_t *)malloc(numero_elementi*sizeof(uint64_t));
TS = (uint64_t *)malloc(numero_elementi*sizeof(uint64_t));
srand(time(NULL));
for(i=0; i<numero_elementi; i++) {
TM[i] = rand() % 100;
TS[i] = rand() % 100;
}
Py_Initialize();//Initialize Python Interpreter
PySys_SetArgv(argc, argv);
//Variables
PyObject *pName, *pModule, *pFunc1;
PyObject *pArgs1, *pValue1;
//Importing the module and its functions
pName = PyString_FromString(argv[1]);/*Converts name_pythonCode
into a PyObject*/
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pModule = PyImport_Import(pName);//Imports the python code
//Creates a pyObject with the function name ("linearRegression" in this case)
if (pModule != NULL) {
pFunc1 = PyObject_GetAttrString(pModule, "linearRegression");
/*Converting C variables into a Python Tuple.
In this case, the tuple contains as first element
the number of elements (number of timestamps for each PC).
After that, it contais the timestamps of the master
followed by the slave’s timestamps*/
if (pFunc1 && PyCallable_Check(pFunc1)) {
pArgs1 = PyTuple_New(numero_elementi*2+1);//Initialize the tuple
pValue1=PyInt_FromLong(numero_elementi);
PyTuple_SetItem(pArgs1, 0, pValue1);
for (i = 0; i < numero_elementi; ++i) {
pValue1 = PyInt_FromLong(TM[i]);
if (!pValue1) {
fprintf(stderr, "Cannot convert argument\\n");
return 1;
}
PyTuple_SetItem(pArgs1, i+1, pValue1);
}
for (i = 0; i < numero_elementi; ++i) {
pValue1 = PyInt_FromLong(TS[i]);
if (!pValue1) {
fprintf(stderr, "Cannot convert argument\\n");
return 1;
}
PyTuple_SetItem(pArgs1, i+1+numero_elementi, pValue1);
}
//Calling function "linearRegression"
pValue1 = PyObject_CallObject(pFunc1, pArgs1);
//Obtaining results from Python and translating them to C
PyObject *obj;
obj= PyTuple_GetItem(pValue1, 0);
skew= (uint64_t)PyInt_AsUnsignedLongLongMask(obj);
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obj= PyTuple_GetItem(pValue1, 1);
offset= PyFloat_AsDouble(obj);
}
else {
if (PyErr_Occurred())
PyErr_Print();
fprintf(stderr, "Cannot find function som\\n");
}
}
else {
PyErr_Print();
fprintf(stderr, "Failed to load pyCode\n");
return 1;
}
//Free variables
Py_DECREF(pArgs1);
Py_DECREF(pFunc1);
Py_DECREF(pModule);
Py_DECREF(pName);
//Finalize Python Interpreter
Py_Finalize();
//Print results
printf("OFFSET: \%f SKEW: \%lld\\n", offset, skew);
free(TM);
free(TS);
return 0;
}

The python code called from this program could be:

def linearRegression(*vect):
#Extracting data from the tupla
n=vect[0]
X= []
Y=[]
for i in range(n):
X.append(vect[i+1])
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Y.append(vect[i+1+n])
#Computing the linear regression
from numpy import polyfit
(skew, offset)= polyfit(X,Y,1)
#Printing the results from Python
print "PY: Skew: ", skew, "Offset: ", offset
#Returns a tupla with the results
return (skew, offset)

This integration has been employed, as described before, to implement the first,
second and third order regressions into the C code of RBIS already developed.

4.3

Neural networks development

Neural networks algorithm was developed with the idea of implementing it in RBIS.
For that aim, the first step was to develop a python program that computed the
synchronization error, in order to employ it as a reference to synchronize the slave’s
clock. This Python code was based on an already existing one. That program utilized a training file to carry out the back propagation algorithm described in section
3.4. To implement the computation, the chronological progress was as follows:
1. The first step to connect the neural network control algorithm to this protocol
was to obtain a training file from the slave node. To obtain the training file, a
datafile is created while the synchronization protocol (with the linear regression as the calculation method to obtain the error, for example) is running in
the machines. This database contained two different types of row: data row
and error row. Data rows consist of the following data:
• The first component of the row is a number, called nt , which represents
the amount of new timestamps contained at the moment in the memory,
and that are next written in the file. This number is used just as a tool
to help reading the file.
• After that number, there are stamped in the file nt master timestamps
and nt slave timestamps, as 64 bit integers, in order to keep all the
significant figures.
• The next item in the row is a sequence number, nseq . It is just an ID
number, which aim will be explained later on.
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Initialize Python
interpreter

Translate parameters from
C to Python

Call Python functions,
using Python format
parameters

Compute function within
Python interpreter

Convert Python function
return values into C
variables

Close Python
interpreter

Figure 4.2. Explicative figure of the implementation of Python code
within the C program.
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• Near to the ID number, the results from the regression are also registered
in the file, i.e., the offset, m, and the skew, q. This values were stored
just to do some debugging.
• At the end of the row, two values are added, just as a debugging tool: t1
and t2 , acquired with the readtsc() function before and after a simple
statement. This two digits should differ in proportion to the time that
a clock pulse lasts (i.e., 1, 66666ns). They were recorded just to assure
that the data was being registered correctly.
Error rows, instead, are only generated once the acquisition system has started
to work and has computed the different errors. The data contained is arranged
as described bellow:
• To recognise it as a error row, the first number is a −1.
• After that, the sequence number nseq is stamped. This digit represent
the same as the nseq described for the data rows. The aim of this specific
value is to link the two types of rows, in a way that make it possible to
connect the data from both rows.
• Following the sequence number, two timestamps are stamped, XiM and
XiS , that represent the time at which the master and the slave raised their
parallel ports respectively. These timestamps are taken by the acquisition
system.
X
X
• The next two numbers represent theoretical tX
M and tS , i.e., tM is store
directly when received from the master, and the tX
S is the result from
computing this tX
using
the
linear
regression
line.
M

• Once these four data are obtained, errors are computed and stamped in
the file. Both compensated and non compensated errors (section 5.2) are
calculated and added to the row.
Figure 4.3 shows a graphical idea of the structure of each row contained in the
file. The python code that creates this file is called buildDB.py
Several data files were generated and kept to carry on the different experiments.
Databases were then used to obtain the neural networks training file. The
structure of this file is much simpler, and is created by the code createNNdb.py,
which depends on several parameters: number of timestamps used to compute
the regression, k 0 , error compensation or lack of compensation and regression
order. The file consists of the following data:
• Distances between each slave timestamp and the regression line point that
correspond to the same master timestamp (see Figure 4.5). For each row,
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Explicative figure of the training database structure.

there are k 0 distances. Mathematically, the distances have been computed
as:
tSi − m0 ∗ tM i − q 0
√
,
disti =
m02 + 1
where m0 and q 0 are the skew and the offset calculated by the linear
regression algorithm from the timestamps stored.
• The new error calculated with the error contained in the database, which
was computed with the value of k set for the experiment. This error
differs from the new error the difference between the tX
S obtained with
the old k and the t0X
,
calculated
with
the
corresponding
k 0 . Figure 4.4
S
shows this difference. Mathematically, this relationship yields to:
0X
error0 = error + tX
S − tS

2. Once the training file is created and ready to use, and based on an already
developed python code that implemented the neural networks, a train algorithm was built up. The main difference between this computing and the one
already developed is the fact that, in the new one, the training file is not read
and imported each iteration to mix its data, but read randomly, using each
row at a time. That way the memory occupied to carry out the training is
reduced significantly, and the algorithm can be carried out with any value of
k (before this enhance was carried out the algorithm could not be applied for
k values beyond 750).
This new code file carries out the training part of a neural network algorithm.
To that aim, the program first creates a class, initializing that way the matrices
described in chapter 3.4, that contain the random initial weights of the layers
of the net. After the initialization, the so-called m f actor is computed: it is
the smallest absolute value contained within all the distances from the training
file. This number is employed while reading the file, later on, to normalize the
distances.
46

4.3 – Neural networks development

Figure 4.4. Differences in the results of the slave timestamps depending on the k
utilized to compute the regression

These two steps lead to the training process itself: for a default number of
iterations, the code reads the training file in a different random way each
time, computes the back propagation (see section 3.4) with the weights actual
values (updated each iteration) and, finally, it writes a file containing the
different weights. This file follows the structure explained bellow:
• The first item is a number that has been called norm type. It represents
the neural network implementation method (1 means only one hidden
layer considered). This value is introduced for further extension of the
algorithm.
• The second value is the m f actor.
• After that, the number of layers of the net is printed. That makes it easier
to read the file afterwards, as the following values are the number of nodes
in each layer, from the number of inputs to the number of outputs. In
this case (norm type = 1), the number of layers is equal to 2, as both the
hidden layer and the output layer are taken into account.
• The main data of the file are the matrices that contain the weights. They
are written down following an order: from the one that relates the input
and the hidden layers to the one that relates the hidden layer with the
output one.
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3. Finally, the test is carried out. This part of the algorithm is quite straightforward: the weights file created in the training step is read and imported,
and the net is employed to compute the time at which the slave must raise
its parallel port, i.e., the adjustment the slave needs to apply to its virtual
clock to reduce the synchronization error as much as possible. This code is
implemented in RBIS to study if it supposes an enhance in the protocol.
To integrate this algorithm in the RBIS protocol, and starting from the software
already developed to call the python interpreter and compute the regression, the
necessary steps followed were:
• Inside function init py, contained in the Python file, if neural networks is
chosen the code loads the weights from an already existing file (which would
have been created previously on a training process). Not only the weights
matrices are built in this function, other data as the normalization factor
m factor and the matrices sizes are loaded to the python interpreter as global
variables.
• Besides, in the same file, the function computeControlAlgorithm py is also
edited. Now, when neural networks is chosen as computation algorithm, the
distances between the slave timestamps acquired from the slave node and the
theoretical timestamps computed with the linear regression are calculated and
stored in a vector. The idea of these distances is pictured in Figure 4.5.
After that, the neural networks output is obtained using both the distances
and the weights matrices loaded before. The result of the computation is
called from now on nn out, and is employed to correct partly the error from
the linear regression algorithm. Figure 4.6 explains this concept, taking into
account that nn out does not represent the whole difference, but a part of it;
i.e., applying this correction does not lead to the perfectly precise result, but
a better one respect to the linear regression.
• After the calculation, the offset and the skew from the linear regression, together with the nn out, are sent back to C by the pertinent transformation.
• Finally, the last function to modify is the one that converts the master time
to the slave time by means of the linear regression. After this transformation,
nn out is substracted from the result to obtain a corrected slave time, which
is the one that is employed to raise the parallel port.
S

X 0 i = masterT oSlave(m, q, XiM ) − nn out
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Figure 4.6. Difference between the optimal slave time, calculated by the acquisition system, and the slave time computed by the linear regression
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Chapter 5
Experiments and results
5.1

Testbed

The RBIS protocol was implemented and evaluated on a testbed made up of two
identical PCs and an acquisition system (AC). Among the two PCs, one acts as
TM (.37) and the other as TS (.38). Both computers are equipped with an Inter
Core2Duo E7500 CPU running at 2.93 GHz, with 3MB of L2 cache and 1.066 GHz
front-side bus. Communication and synchronization take place via wireless network
adapters through one AP. Wi-Fi equipment complies IEEE 802.11n and uses two
spatial streams. The RTAI, hard real-time scheduler version 3.9 was installed and
calibrated in a patched Linux Kernel version 2.6.38.8. For these experiments, the
RTAI timer is the timing source for RBIS. It is used both to obtain timestamps and
to perform synchronized actuations (for evaluating the protocol).
Figure 5.1 shows the main components of the testbed used. To understand its
functionality, Figure 5.2 shows a sketched scheme of the main threads in one of
the nodes (Slave Node). After the AP has sent a synchronization message and it
has been received in the PCs, each of them take a timestamp, which is uniquely
identified. After that, these timestamps and their respective identifiers are moved
from kernel to the user space by means of a shared memory area SH, and collected
by the thread th collect in a local buffer LB.
Then, two different threads start: th send follow up in the master and th rec follow up
in the slave. The first sends a Follow Up message every 1s, which includes the most
recent nt timestamps and their identifiers contained in LB. When this message is
received in the slave, the second thread adds this information to the RB buffer,
eliminating duplicates.
The next step is only performed by the slave node: the virtual clock controller
takes the most recent timestamps and matches the ones in LB with the ones in RB.
With these couples, it updates the virtual clock using a control algorithm that can
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Figure 5.1.

Testbed for the evaluation of RBIS performance
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be based on: Least-Squares Linear Regression, second and third order Regressions,
or Neural Network learning algorithms.
Finally, in order to evaluate the clock synchronization protocol, both computers
are programmed to periodically generate pulses on their parallel ports with period
500ms. These pulses are scheduled at predefined absolute instants by the RTAI
hard real-time th test thread, using the master’s clock and the virtual clock of the
slave, adjusted through RBIS. After that, timestamps are acquired by the acquisition
system on the rising edges of the resulting waveforms, with a precision of 10 ns and
a resolution of 1 ns. This way the AS processes the timestamps obtained from
the uplifting of the parallel port to evaluate the synchronization error, at both the
protocol and the application levels.
When clock synchronization protocols were presented before, skew was introduced. The variable component of this parameter is known as drift, and depends
on several effects such as temperature, supply voltage, vibrations or ageing. Among
them, high frequency factors (such as vibrations and power supply) cannot be compensated, as they affect the drift faster than tsync . All factors whose dynamics are
slower could be corrected by the control algorithm, instead.
In order to reduce that error, each slave performs the control algorithm on k
timestamps. It is known from [6] that linear regression provides the best results
when samples in the related interval can be approximated with a straight line. i.e.,
when variations of the oscillator are negligible in that interval. So, when choosing
the value of k, to factors must be taken into account:
• The linearity error is caused by the frequency drift, and it increases as k grows.
• The residual error due to jitters, which increases as k decreases.
As these error sources change in opposite ways when changing the value of k, a
tradeoff between them needs to be found.
Experiments from [6] demonstrate that, for the specific experimental conditions
analyzed in the paper, an optimal value of k for linear regression control algorithm
is around 200. Its is worth noting that, when k is below its optimal value, the results
get worse because of timestamps jitters and, when it is above its optimal value the
error due to the frequency drift becomes predominant. In the experiments performed
during the actual project, results for several k values and different algorithms are
obtained.

5.2

Experiments

It is worth pointing that the experiments were done along several days, so the room
and the machines were not always in the same conditions. Because of that, they
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may be appreciate in the graphs from Figures 5.3 and 5.4 some peaks that do not
follow the expected path. Because of that, in addition of the different experiments,
it has also been developed a supplementary program, which obtains all the data
from one single experiment and computes the results.

5.2.1

Polynomial fit

Several experiments have been carried out in order to debug the code and to optimise
it:
• The first experiment done during the project was executed to obtain a baseline result. To that aim, a ten hours experiment with the original code was
accomplished.
• Once it had been proved that the machines were working properly and the
code performed as expected, the python code was integrated as a part of the
whole C code and the linear regression was computed with it. But, before the
python code was stablished as the one to calculate the linear regression, some
checks were carried through:
1. The program was executed with the C code still computing the linear
regression, but with the python code also calculating it, in a short experiment that stopped the execution if the results from both codes were not
exactly the same. The results from this experiment were stored.
2. The program was run once again with the python code as the only tool
to calculate the linear regression. Once the experiment has ended, the
results were compared with the ones from the experiment before, concluding that the new code worked as expected.
• Finally, some experiments were accomplished to check the possibility of including other part of the code in python: the function masterToSlave.
This function receives as inputs the skew and the offset from the linear regression computation, and the time at which the master should raise its parallel
port in order to generate the necessary data to the measurement machine.
The output of the masterToSlave is the time at which the slave should raise
its parallel port to, theoretically, do this action at the same exact time at
which the master raises its:
XiS = masterT oSlave(m, q, XiM )
As described before, this method is exploited by the measurement machine
to analyse the error between the two clocks, and the accuracy of the linear
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regression function to estimate the relation between the clocks of the two
computers.
In any case, running some experiments with this code lead to the conclusion
that the results were not as predicted, and there was not amelioration reached.
For that reason, the Python code was finally not integrated in RBIS.
Once the code had been completely developed and debugged, long-time experiments were performed to obtain the graphs in Figures 5.3 and 5.4 with the results
that show the performance of the program with different values of k. These experiments were carried out also for the different order of fitting: first, second and third
order regression.
To carry out the experiments, a python code was used as trigger: runner.py. This
program helps the user to avoid launching each experiment from the very beginning,
configuring the machines and calling the executables manually. Once the machines
are initialized as Master Node, Slave Node and Acquisition System (which needs,
additionally, to be started) respectively, runner.py starts each experiment without
having to enter every single command. Runner.py works as follows: for the different
values of k and for the three regression orders:
1. It rewrites the configuration file, editing these two parameters (k and the
regression order).
2. It activates the timestamp producing configuration in both the master and
the slave nodes. With this action it activates the control algorithm and the
program that configures the slave’s virtual clock.
3. It activates the acquisition system, entering as input parameters the number
of samples to collect and the file in which it should save the results.
Using this script, a big experiment was carried out, for the three possible polynomial fit (first, second and third order regression), and for the following k values:
25, 50, 100, 200, 400, 600, 800, 1000, 1250, 1500, 1750, 2000, 2500, 3000, 4000,
5000, 6000 and 7500. Each of these experiments lasted for ten hours, and they were
done, as mentioned, for the splines of first, second and third order. That way, the
experiments took a total of 18 ∗ 3 ∗ 10 = 540 hours, which represents 22.5 days.
Four graphs have been added in the document: one that represents the mean
value and another one representing the 99-percentile, both for not-compensated and
compensated error (these concepts are explained later on in this chapter). Mean
value and 99-percentile are considered the most significant data, compared with
the maximum error value, the 99.9-percentile and the standard deviation. These
diagrams are shown in Figure 5.3 and Figure 5.4, respectively.
Experiments for each value of k lasted ten hours. Even though, the results
do not follow a gentle curve as expected, but have peaks and valleys due to the
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Figure 5.3. Mean value of compensated and not compensated error for 1st (S1),
2nd (S2) and 3rd (S3) order spline
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Figure 5.4. 99-percentile value of compensated and not compensated error for 1st
(S1), 2nd (S2) and 3rd (S3) order spline
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different environmental conditions in each experiment, in addition of other sources
of indeterminism such as the computers load and other parameters. In any case,
it can be seen in the graphs that the performance of the code is as expected: the
performance of the linear regression method is enough for lower values of k, while
becomes worse when k overcome a certain threshold (around k = 800). It can
be observed on the graphs that the tendency of the curves is the same for all the
regression orders: as the value of k increases, the error rises as well.
In any case, and in order to avoid the irregularities on the curves and to obtain
a more precise and homogeneous result, a new methodology that permits different
CDAs to be experimentally evaluated and reliably compared was developed in [11],
and utilized for this thesis. With this new method all the results are taken at the
same time, during one only experiment, returning a single graph with all the data
in a smooth curved line. This mechanism is explained hereafter.
M
M
Lets call T M S = {tM
i , ti−1 , ..., ti−nt+1 } the set of timestamps embedded on the
Follow Up message. It is already known that each time the slave receives a T M S ,
it makes use of this new information and of the timestamps previously stored in
its memory to update its virtual clock. The virtual clock is a conversion function
between a time expressed in the master scale (t̂M ) and the estimation of the same
time in the slave timescale (t̂Sest ).
Besides, the clock regulation algorithms studied are those that compute the least
squared polynomial fit of degree d. Within this scope, vkd is the virtual clock obtained
for the least squared polynomial fit of degree d applied to the k points contained
in the set of tuples of timestamps referred to the same event that were successfully
paired:
vkd (t) = cd ∆td + ... + c1 ∆t + c0
Once the nomenclature has been introduced, the procedure is described bellow. It
is based in two steps, data-capture, in which a data file is obtained and stored for a
specific experiment, and port-processing, in which the database is used to evaluate,
in the same experimental conditions, other clock regulations algorithms.
• Data-capture phase: the database file contains the set of tuples (pairs of timestamps arrived to the slave and the ones acquired from its own clock), and the
error obtained from the acquisition system. This error is computed from the
S
event that both nodes generate periodically at time t̂M
i and t̂esti . The analysis
of the synchronization accuracy performed by the AS allows to associate to
each synchronization event the not compensated error Einc and the estimation
of the compensated error Êico . These values represent the error data that is
stored in the file. Therefore, the data file contains a sequence of timestamps
and error data.
• Post-processing phase: considering that the error data has been obtained using
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an specific virtual clock, vkd , where k is the number of the last paired timestamps
considered in the computation and d the order of the regression, it could be
calculated for any other value of k and d using the data saved in the datacapture phase. This way, a new error can be easily computed as:
0

0

Ei co = Eico + t̂Sesti − t̂Sesti ,
0

where t̂Sesti represents the t̂Sesti calculated with the new vkd . The same formula
applies to the non compensated error Einc .
Hence, the three algorithms can be compared, obtaining results for each value
of k. The comparison between the algorithms is fair because the same experimental conditions hold for all the analyzed techniques.
In this particular case, a sixty eight hours experiment was carried out with the
testbed described before. It was performed using the linear squared regression fit.
From this database, several configurations of the control algorithm were analyzed
in the post-processing phase, by varying the following parameters:
• The number of paired timestamps, k, used by the control algorithm
• The polynomial fit order, d
• The fact that the error is compensated or not.
Let Einc = XiM − XiS be the non compensated error, defined as the difference
between the i − th timestamp XiM and XiS , acquired by the acquisition system
on the corresponding pulses of the synchronized signals output by the nodes.
It represents the precision with which the nodes perform synchronized actions,
and is made up of two contributions: the compensated error Eico and the inODE
node error N
.
i
The first is evaluated as the difference between the slave clock (corrected by
the synchronization protocol) and the time at which the master schedules the
i − th actuation. It depends on the protocol, the clock discipline algorithm,
and timestamps accuracy. On the other hand, the in-node error is the difference between the in-node actuation latencies of the two nodes. It is directly
related to the real-time properties of the system scheduler and the hardware
architecture.
Additionally, the actuation latency for both master and slave nodes is made up
of two contributions: the software and the hardware latency. The first is mostly
due to the real-time scheduler, and can be approximated as the difference
between the scheduled release time of the task that generates the pulse and the
time its execution is actually started by RTAI. Instead, the hardware latency
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is the time that elapses between the instant when the application writes the
command into the register of the parallel port and the instant when the output
signal actually goes high. It is due to, for example, the PC’s buses and the
rise time of the port.
In this specific experiment, in which both computers are identical, the mean
ODE
is almost null. Hence, the in-node error does not cause any
value of N
i
systematic error that affects accuracy, but only worsens precision.
The most important quantity used to characterize the protocol and how it
reacts to specific operation conditions, such as local system load, configuration
parameters, network load, etc., is Eico (compensated error ). A compensation
method is proposed in order to obtain a reliable estimation of Eico , which
operates by compensating xi samples. Whenever the AS acquires a sample,
each node also stores the related scheduler latency (measured locally by the PC
itself). Compensated samples are then computed as the difference between the
sample obtained by the AS and the named latency. That way, the estimation
of Eico , the so-called Êico , becomes the difference of the compensated samples.
Twelve different results were analyzed: three regression order multiplied per four
compensation options (compensated, compensated with absolute value of the error,
not compensated and not compensated with absolute value of the error). Each file
contains the results for 85 values of k, specifically: from 10 to 295 increasing by 5,
from 400 to 2000 increasing by 100, and from 2000 to 4000 increasing by 200.
As mentioned before, the media, µ, the standard deviation, σ, the 99-percentile,
p99 , the 99.9-percentile, p99.9 , and the maximum value, max, can be studied from
these experiments. In any case, the graphs reported in this document are the media (Figure 5.5 for both compensated error and not compensated error) and the
percentile 99 (Figure 5.6), as they are considered to be the most meaningful. The
visible differences between these and the ones plotted above in this section confirm
that this algorithm yields to gentle curves that make it way more easy to read into
the results.
It is interesting observing that the best performance is obtained with the linear
regression algorithm, with a k value around 300. Two important ideas must be
pointed out:
• The optimum k obtained from this data is valid only for the conditions of the
experiment, and may vary depending on the PC’s, the external conditions, the
hours of work and the load on the machines.
• Even it is true that this minimum error is obtained with the linear regression
algorithm, the range of k values in which is achieved is quite narrow compared
with the wide set of k values that suppose a reasonably good result with the
second and third order regressions.
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Figure 5.5.

Mean value for 1st , 2nd and 3rd order spline
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Figure 5.6.

99-percentile for 1st , 2nd and 3rd order spline
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Besides, in [11] results denote that the third order regression may be not always
suitable, as its error is always bigger than the one with the other two techniques
(first and second order regression). Additionally, second order regression may
be a valid option over the linear regression depending on the characteristics
of the system and the environment. To sum up, in general, the least-squares
linear regression is the best choice among the rest of the polynomial fit regression orders, when both synchronization quality and computational complexity
are considered.

5.2.2

Neural network

In this section, the way the neural networks were tested and then joined to the whole
protocol is explained. Firstly, in order to test the more efficient python code that
had been developed and which is exposed in chapter 4.3, several experiments were
carried out:
• One first experiment was done to prove that both the new and the old code
obtained similar results, to verify that the new features did not affect the
output of the algorithm.
• Once this check was fulfilled, it was also obtained the proof that the training
and the test phases worked properly separately, i.e., that the training process
creates a weights file that is correct and can be loaded in the test phase to
accomplish the neural network algorithm, in particular the run-forward step.
This algorithm was tested versus the spline based control algorithms.
• Finally, a brief experiment was carried out to test the performance of the
algorithm within the RBIS implementation.
A comparison experiment was carried out with some data obtained from different
RBIS tests. Three different log files were acquired through the real set up (from
[11]):
• The NN training file was built from a log file (called train.db) obtained during
the whole weekend, from Friday afternoon to Monday morning. This datacapture phase is characterized by larger temperature variations, due to the
switching-off of the heating system and the external temperature.
• One of the two test files utilized was obtained from a data-capture phase that
lasted from Tuesday afternoon to Friday morning, in order to provide meaningful results. The experiment was done during the working days, when the
heating system is on. Besides, it must be also considered that the network
load is higher during weekdays. The database was called test1.db.
64

5.2 – Experiments

• Finally, the last database obtained was the so-called test2.db, which performance characteristics where similar to the test1.db database, as the experiment wherein the data was stored started on Thursday morning and ended 22
hours later.

Figure 5.7. Maximum value for 1st , 2nd and 3rd order spline, and neural
networks based control algorithm

The test was carried out for both test1 and test2 files as test files and train
always as training file. Results were plotted and compared, and some of the graphs
have been added to the document to show the data obtained. In figures 5.7, 5.8
and 5.9 the maximum value, the 99.9-percentile and the standard deviation of the
synchronization error are plotted. These pictures contain the graphs for the training,
on the top, and the test on the second row. The training was done, as said before,
with the database train.db, while the test was accomplished on test1.db.
At the same time, and thanks to the software developed in [11], the equivalent
experiments were carried out for the first, second and third order spline, and the
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Figure 5.8. 99.9-percentile for 1st , 2nd and 3rd order spline, and neural
networks based control algorithm
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Figure 5.9. Standard deviation for 1st , 2nd and 3rd order spline, and neural
networks based control algorithm
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results are integrated in each graph. This way, a meaningful comparison can be
done, as all the algorithms were tested with the same experiment conditions.
From the graphs, several conclusions may be extracted. The main idea is that the
algorithm developed achieves a reduction on the synchronization error, compared
with the polynomial fit regression. Actually, the methodology reaches a minimum on
this error that has not been obtained before. From Figure 5.7 it can be appreciated
that the maximum error decreases up to 500ns for k = 250 compared to the 3rd
order spline. Also in the 99.9-percentile curve it is observed a maximum enhance
of 200ns for k = 400, approximately, when looking at the training performance.
Finally, the standard deviation chart shows clearly the difference between the NNbased algorithm and the other three methodologies.
Besides, the algorithm performs, for any value of k, better than the first order
algorithm, which, as said before, may be considered as the most reliable among the
regression methods.
In any case, the enhance got applying neural networks is true and accurate for
k values below a threshold (around k = 750). For those values of k, the method
performs better than any method studied before.
After those experiments, and considering the results fairly suitable, the next
step performed was to integrate the neural networks based algorithm in the RBIS
protocol, as mentioned above. For that aim, the modifications and additions of code
in the software were the ones explained in section 4.2.
Once the changes had been accomplished, an experiment was carried out to
demonstrate the proper functioning of the software with the new feature. Before
running the code, the following actions were done:
• The output files of the training, containing the weights for the nodes connections for the different values of k were gathered and exported to the slave
node.
• The slave’s software was updated to the version with the neural networks
algorithm option.
• The experiment was triggered with the already employed runner.py, which
launched a sixty-hours experiment.
The results of the experiment were compared with the results from [6]. This data
was obtained from an experiment that lasted ten days, during which no additional
in-node network loads were considered. Results showed that the synchronization
error was always bounded to 3.3µs, while the worst-case actuation error was 12.4µs.
In Table 5.1 the comparison results are reported, and it is interesting noting
that the worst-case synchronization error has been reduced to 9.81µs.This fact is
probably caused because of the difference in the lasting time of the experiments.
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Error (all values in µs)
Actuation (previous RBIS, from [6])
Actuation (NN integrated in RBIS)

µ
σ
max
p99.9
p99
1.163 0.981 12.390 7.110 3.740
1.213 1.015 9.810 7.160 4.000

Table 5.1. Results comparison of neural networks and 1st order regression algorithms integrated in RBIS protocol.

In any case, it is important to point out that the results from [6] were conditioned
to the k value for which the experiments were performed, while neural networks
based algorithm does not depend so much on this parameter.
Thus, taking into account that the results are clearly comparable and pretty
similar, the considerable improvement is the fact that the new algorithm does not
depend so much on k value: from [6], it is appreciable that the error reaches a minimum for a k value around 200, but when getting away from that value, the results
became worse quite easily. On the contrary, the neural networks based algorithm is
able to obtain good results for a large range of k values, without perceiving large
changes in the error value. This stability is specially significant in the training phase,
and is clearly visible in Figures 5.7, 5.8 and 5.9.
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Chapter 6
Conclusions
This last chapter summarises the main ideas of the whole project and the experimental results. Besides, along the chapter there are named the possible future
study paths starting from the reached points of this thesis, the probable impacts
this project may have and several aspects concerning legal, ethic and professional
responsibility within the thesis developed.

6.1

Experiments conclusions

Reviewing the whole project, it is worth mentioning that the Clock Synchronization Protocol employed in this thesis is RBIS (Reference-Broadcast Infrastructure
Synchronization, [5]), which has been demonstrated to be able to ensure that synchronization errors remain bellow 10µs with s/w timestamps, which is fine for the
majority of the application fields in industrial scenarios.
It is worth remembering that, in general, CSP operations can be divided into
two different parts: the actual synchronization protocol and the Clock Discipline
Algorithm, CDA, which in many cases are almost independent from each other.
This thesis focuses on the CDA, which is used by each node to tune its local clock,
so that it runs as aligned as possible to the reference time of the system. CDA’s
main aim is to deal with the inaccuracies caused by latencies, measurement errors,
transmission errors, etc. As the CDA tangibly affects the synchronization quality
achieved, it is required a comparison between different techniques to determine their
effectiveness.
The techniques developed, implemented and compared during the project are:
polynomial fit regression, of first, second and third order, and neural networks control algorithm. From the experiments carried out during the project, it was reached
the conclusion that second and third order regression techniques perform better
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than neural networks and linear regression algorithm for bigger values of k, specially among k = 750. Even though, they must be considered the conclusions from
[11] exposed in 5.2. Those results demonstrated that, among the three possible
polynomial fit regressions (first, second and third order), the linear regression is the
best choice when both synchronization quality and computational complexity are
considered.
Backed up by this fact, it may be said that the results obtained are quite satisfactory, as Neural Networks based algorithm, developed along the thesis, performs
better than the linear squared regression algorithm for any value of k. In any case,
the performance of this algorithm achieves smaller synchronization error for k values
up to a certain threshold mentioned above (around k = 750), which supports the
statement.
To conclude, the desirable goals expected from the project have been achieved
successfully, and the experiments results are positive and up to the expectations:
1. It has been developed a customized RBIS protocol software that includes the
use of the Python interpreter for the control algorithm computation.
2. In section 5.2, the evaluation of the Splines based control algorithm is held
and analyzed by means of some plots. Several conclusions from these graphs
have already been exposed.
3. After several days experiments, databases were obtained employing the software described in the first point, and log-files were acquired from the training
code developed.
4. Finally, this log-files have been used to evaluate the neural networks algorithm,
which has also been analyzed and compared to the other CDAs. The result
from this comparison has also been commented in the previous chapter.
Because of all these achievements, this project may have an impact in the studies
that are being carried on in the field of Clock Synchronization algorithms. The
results suppose an enhance in synchronization accuracy, and permit to compare
several CDAs to obtain an optimal solution. In fact, the software developed by the
student has already been utilized to continue with the research, as mentioned in
[11].

6.2

Future lines

The possible future studies from the point this thesis has reached are quite straightforward:
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1. Carry out more experiments in the real setup to evaluate the neural networks
algorithm in a number of experimental conditions, and to check when it is
better than the other three studied CDAs. Those experiments may take pretty
long but could reach a definitive conclusion.
2. It would be interesting to study the possibility of optimising the execution
time of the neural networks code by including some functions from the numpy
library, to replace the loops employed to compute run-forward and backpropagation steps.
3. Regarding the Kalman filter based algorithm, it could be created a methodology that takes into account the packet loss. With this enhance, the computation may be more robust and could perform as expected in RBIS.
4. Finally, some research may be carried out to study neural networks deeper,
and extend the code to build a network with more than one hidden layer.
Needless to say that other control techniques may be discovered, apart from
the ones already studied.

6.3

Legal, ethical and professional responsibility

The thesis was developed in one of the offices of the Consiglio Nazionale delle
Ricerche (CNR), in the Politecnico di Torino, as a Master’s degree candidate. A
research institute settled in this university is the IEIIT, which carries out advanced
scientific and technological research in the area of Information Engineering, covering
fields of telecommunications, computer and systems engineering, applied electromagnetics, electronics, control, robotics and bioengineering. IEIIT institute is located
in the following cities: Torino, Bologna, Pisa, Genova, Padova and Milano. Working
there, legal, ethical and professional responsibility are the same as when working in
any other institution:
• Legal responsibility regards mainly to the protection of information. This
means that, when using data from other works done before or from other
members of the group, this must be explicitly written down on the document
and registered in the references, in order to respect others achievements and
separate clearly the own goals from the others’ goals. To that aim, along this
thesis all the external information employed, both to explain a concept or to
develop an activity is punctuated properly.
• The ethical responsibility supposed carrying out the labours with integrity
and objectively. Besides, it is important to maintain the knowledge and skills
73

6 – Conclusions

necessary to do the activities competently. For that reason, there has been a
deep study on the field and on the software used, holding the whole thesis.
• Finally, as a part of a group, it is necessary to act in a manner that demonstrates exemplary professional conduct. Professionalism requires behaving
with dignity and courtesy to clients, fellow professionals, and others in businessrelated activities. The student has worked out to enhance and maintain the
profession’s public image and improve the quality of researches.
Regarding this aspect, the project has been developed in a laboratory with
great respect to the rest of the investigators in it, maintaining an impeccable
behaviour.
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Chapter 7
Temporal planning and budget
This project has been developed throughout the academical year 2014/2015. Concretely, the work was started in October, when the RBIS protocol was studied and
the setup got to know. Besides, during that month Python language was employed
in several programs to get used to that programming environment.
Once the experiments setup was ready to use, several experiments were carried
out to understand the protocol’s way of working. After that, during November,
the work was focused on the Python implementation with C code, creating a great
number of examples to build a connection between the two languages and to call
the Python interpreter from C. Once this goal was successfully achieved, it was
translate to the protocol itself, adding the necessary code files and changing the
already existing, in order to develop the software that computes the linear and
polynomial regression through Python. After having the protocol ready to carry
out some experiments with the first, second and third order regressions, it was
postponed until Christmas break to run the experiments, as it was more useful to
continue working in other methodologies.
This way, December was employed mainly to develop and implement the Kalman
filter based algorithm, just to find out that, under this concrete protocol conditions,
Kalman filter does not work good enough, and it did not lead to the expected results.
For that reason, this path of study was neglected and other methods were developed.
During the Christmas break the experiments introduced before were carried out
and the study of the Neural Networks theory was started. After that, the data was
gathered and plotted in several graphs to examine the results. With the start of the
year, also the thesis written report was started.
Meanwhile, the Neural Networks development initialized. This new method construction lasted for more than a month, as it meant to write the codes carefully,
one for the training and other for the test part. Besides, it was also necessary to
test their performance and to debug the programs, to obtain an easily applicable
code. At the same time, the report continued to be written little by little. That
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Figure 7.1.

Hours explanation calendar from October to December

way, March came to an end and the last month of the project thesis began, during
which the implementation of the Neural Networks in RBIS was accomplished and
demonstrated to work, and the report was finished.
To sum up, it can be said that the whole project lasted for seven months, working
at part-time, as it was combined with the lessons attended. The total amount of
hours employed to developed the project is 662. The explanation of the hours spent
is shown in Figures 7.1 and 7.2.
Additionally, it may be pointed out that the thesis development did not suppose
any expense for the student, nor for the CNR. At the most, it should be mentioned
the real setup energy consumption for the experiments, and the acquisition and
maintenance of the setup itself. Besides, the student was provided with a computer
to work with. In any case, these expenses were included in the institute’s prediction
and do not need to be taken into account.
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Figure 7.2.

Hours explanation calendar from January to April
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