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Abstract
The goal of this work is a design and implementation of an on-board driver’s
assistance and assessment system. The system overcomes the problem that typical
evaluation of skills is performed by experts who may be subjective and are able to
consider only a limited number of factors and indicators. The proposed solution is based
on eight indicators, which are associated with the vehicle’s speed, acceleration, jerk,
engine rotational speed and driving time. These indicators are used to estimate three
driving style criteria: safety, economy and comfort. The comprehensive evaluation is done
by merging all indicators into one final score. The system is designed according to UserCentred Design method and follows Internet of Things concept. Raspberry Pi
minicomputer is used as a central unit to acquire and store the data during the ride and
sending them to a server using GSM network. OBD-II interface is used to obtain the data
from the vehicle’s network and GPS and accelerometer modules to acquire additional
information. MATLAB environment on a local PC is used to process collected data. An
outline of the measurements available from ODB-II interface depending on a car model
is made. The proposed system has been implemented and evaluated. The evaluation,
conducted by collecting readings for specific road actions at different speeds and with
different dynamics, confirms that the chosen indicators reliably represent driver’s
behaviour. The system was experimentally validated on a group of drivers. The obtained
results prove the system’s ability to quantitatively distinguish different driving styles. The
system's stability and usability were verified on long-route test. Moreover, the used spider
diagram approach established a convenient visualization platform for multidimensional
comparison of the result and comprehensive assessment in an intelligible manner. Overall
conclusion is that the developed system is a reliable method of the drivers’ behaviour
evaluation.
Index Terms–Driver’s Behaviour, Driver’s Evaluation, Driving Style, Eco-Driving,
Internet of Things, Real-Time Vehicle Tracking, Skills Assessment, Spider Chart.
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1.

Introduction

In today’s world, optimization and monitoring play essential roles in logistics
sector. Apart from machines, processes, algorithms and systems, they often focus also on
people and their skills. Modern technologies pave the way to objective assessment of
professional skills. The simulation and real-time systems supporting such assessment can
be used for evaluation or training in medicine or military as well as many other
professions where mental, physical and manual skills are crucial [2], [3]. Each of such
solution focuses on specific measures for the assessed trade.
Transportation companies belong to a logistic sector, which pays most attention
to the route optimization, but very little to the drivers’ skills. Market research shows, that
currently the drivers are evaluated based on measures of the transportation cost, including
fuel consumption and fleet maintenance, driving safety, and delivery time. However,
these factors are ambiguous and may be affected by external circumstances such as road
conditions, traffic accidents and even vehicle's technical condition, which are
independent of the driver. The problem can be solved by assessing the drivers based on
their driving style, independent of external conditions.
The emerging technologies and methods, especially remote sensing, vehicle
computer systems, microcomputers and Internet of Things (IoT - defined by the Internet
of Things Global Standards Initiative [4]), enable vehicles, electronical devices, buildings
and other items to collect and exchange the data [5]. This technological progress allows
to obtain information about driving parameters as well as external conditions. This kind
of measurements can be used in a system that would perform detailed assistance and
assessment of drivers’ behaviour in real-time. Such assessment can be used to grant
professional drivers, who preserve passenger’s convenience or the cargo’s safety and
consider economy along with eco-driving tips. Moreover, the insurance and car rental
companies with monitoring possibilities of the person’s driving style could grant special
discounts for those driving economically and safely. With the proper assessment program,
driving schools could get information on trainees, i.e., ready for examination or more
practice needed. Also, people who would like to improve their skills, may gain from such
a system showing their weaknesses to guide progress [6].
To address the problem of the objective assessment of driving style, we propose
the vehicle monitoring system based on the IoT approach, using the car’s diagnostic port
– OBD-II and the designed and developed additional acquisition module using an
accelerometer sensor and GPS module. Moreover, we propose sets of indicators and
criteria, which can be used to comprehensively assess driving style. The indicators, which
are associated with the vehicle’s speed, acceleration, jerk, engine rotational speed and
driving time, are used to assess three criteria of driving style: safety, economy and
comfort. The gathered multidimensional data are normalized based on expert’s results
and then visualized and assessed using the spider diagrams approach.
The modelled driving skills assessment method has been designed and
implemented on a real car. For this purpose, an embedded On-board Measurement and
Communication Unit (OMCU) has been developed. The system was then evaluated and
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verified experimentally. The obtained results prove the system’s ability to distinguish
different driving styles, which are based on three assumed criteria consisting of eight
indicators and categorized as ordinary, calm, aggressive or unnatural. Moreover, the used
spider diagram approach established the convenient visualization platform for
multidimensional data, and the comprising comprehensive assessment is presented in an
understandable manner.
1.1.

Project scope

The goal of this project is to propose an evaluation system of driver’s skills and
behaviour. To obtain required data, an IoT device has been designed. Its purpose is to
collect the data from car’s computer and additional modules and send them to the server.
Due to unavailability or difficulty in acquiring some parameters, only a few were chosen
for the analysis. Driver’s behaviour evaluation is done on a local computer using
MATLAB environment therefore the driver has no access to his results during the ride or
right after it. The evaluation is based on three criteria: safety, economy and comfort. The
data analysis is done using expert’s knowledge. The evaluation of the system was done
by driving in typical road situations with different dynamics and comparing obtained
measurements. The experiments conducted by five drivers on short-routes validated the
proposed assessment of person’s driving style in terms of safety, economy and comfort
criteria. The verification was done by a long route test.
1.2.

Division of work

Pawel Damps did the configuration of the Raspberry Pi. He was responsible for
all settings and required calculations for the GPS module. The Survey of related works
and the Thesis statement were described by him. The System modelling chapter was
presented by him. In the data analysis part, he determined the engine Revolutions per
Minute (RPM), speeding and driving time based on measurements. He was responsible
for presenting results in the evaluation part. He described the hardware implementation,
system prototype and did the comparison of the drivers and long-route test in the
evaluation chapter. All spider charts were also prepared by him.
Research about the OBD-II parameters and the data possible to acquire from cars
was conducted by Jacek Czapla. He was responsible for the settings, communication and
calculations for the accelerometer module and the OBD-II Bluetooth interface.
Communication with the SFTP server using the GPRS module was also his duty. The
User-Centred Design part was described by him. In the data analysis part, he conducted
required calculations for the jerk analysis and used the GPS position acquired during the
ride to obtain the speed limits. He presented the software implementation too. In the
system evaluation chapter, he described typical road situations and prepared test results
for calculations of spider charts.
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1.3.

Outline of the thesis

This thesis is divided into eight chapters. The first one consists of the Introduction,
Project scope and Division of work. The next two chapters contain the survey of related
works and the thesis problem statement. Fourth chapter is devoted to the design process,
which includes the User-Centred Design concept were the IoT approach is presented.
Chapter 5 covers the system modelling, but also the usage of indicators representing
safety, economy and comfort is justified. Driver’s assessment and results visualisation
are explained there as well. The used hardware and the developed software are described
in the Chapter 6. Chapter 7 is dedicated to the system evaluation, validation and
verification and the discussion of the test results. The last chapter includes the conclusions
of the project and the possibilities of the future work.
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2.

Survey of related works

The progress in technology enables to assess the competence of professionals,
such as medical staff or emergency serviceman. A methodological approach for tracking
human movement and behaviour is proposed in [7]. The authors propose a system for
firefighter’s skills and competence assessment. The spider chart is chosen to visualize and
graphically compare the results of the trainees with the expert. It is a user-friendly way
of comparing multi quantitative variables on a single diagram. The method provides
easily readable information which variables are scoring high or low within a dataset. The
final result is quantified by the surface area of the polygon in the chart.
The major interests in analysis of driving style using different systems and
algorithms are comprehensively reviewed in [6], and they are not iterated here. The
following review focuses on areas, which are directly related to the proposed solution:
human and quality aspects of driving; driving style indicators and instrumentation, along
with classification methods, however, in some references these areas cannot be separated.
2.1.

Human, social and quality aspects of driving styles

A driving style can be described as a combination of driving abilities and behindthe-wheel behaviour. Driving abilities depend on the driver’s knowledge, skills, and
experience. The driver’s behaviour reflects driving abilities, developmental factors,
personality, demographic factors, biological features, perceived environment and driving
environment [8], [9], [10]. All those factors influence driving tendencies: speeding,
unsafe passing, impaired driving, and tailgating [8]. Studies show that young drivers have
a higher rate of crashes and offences in comparison to experienced ones [9]. In a case of
teen drivers, the presence of passengers inside the vehicle has an influence on crash risk,
because of the distracting effect of social interaction during driving [10].
Psychologist identify seven different driving personalities such as the Teacher,
the Know-it-all, the Competitor, the Punisher, the Philosopher, the Avoider, the Escapee,
depending on the interaction with other motorists and the driver’s own behaviour [11].
There is even a claim that the way that a driver holds a steering wheel reflects his
personality [12]. For example, when a person keeps both straight hands on the wheel, it
indicates his perfectionism lifestyle, paying attention to detail and following the rules. On
the contrary, an easy-going person mostly keeps only one hand on the steering wheel.
As stated in the introduction, driving styles might have a great influence on
transportation quality aspects such as safety, comfort and economy. According to [13]
and [14], safety on the road is of highest national importance and many road accidents
might be prevented. Apart from using mobile devices and drunk-driving, a driver must
also not exceed the speed limits. A driver should take into consideration the weather and
road conditions and adjust the driving speed cautiously. Harsh accelerating and braking
along with sharp cornering are recognized as dangerous behaviours. Driver’s fatigue is
often ranked as a major factor of serious road crashes. The safety aspect of driving is
mentioned in almost all related publications.
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Economy is widely researched topic related to driver’s assessment. Authors of
[15] directly address their application to improving driving economy. In [16] and [17],
the authors proposed an eco-driving assistant to assess the driving style considering both
environmental and vehicle’s variables. Authors of [18] proposed to evaluate the long term
impact of an eco-driving training course.
A driver has a significant influence on the on-road fuel economy. In order to
reduce the cost of the road transport, many factors are taken into consideration. These
include following decisions: strategic (vehicle selection and maintenance), tactical (route
selection and vehicle load) and operational (driver’s behaviour). Despite the vehicle
selection, which is considered to be the major factor, the driver’s on-road decisions can
still remarkably contribute to the fuel economy up to about 45% [19]. Barkenbus [20]
defines the characteristics of an eco-driving. He shows that such behaviour is an action
that individuals can take to mitigate the climate change by reducing both fuel
consumption and CO2 emissions. The concept of a dynamic eco-driving system is
investigated in [21]. Real-time traffic data (speed, density, flow) were obtained from the
traffic management centre basing on the embedded loop detectors on the freeways in
California. The driver was advised on a dashboard display about the recommended speed.
Tests supported the hypothesis that conscious driving has a positive effect on the energy
consumption and emissions reduction (13-14%).
In [22], dedicated tests were conducted to show that by changing the driving habits
one can improve the fuel economy. It was proved that the moderate driving in comparison
with the aggressive driving can save up to 37% of fuel. Using the cruise control caused
the fuel saving of up to 7% and turning off the car while stopping for longer than a minute
– 19%. Another effective way to reduce the fuel consumption (14%) is not to exceed the
speed limits.
Apart from the economic aspects, a driver has also a big influence on the comfort
of the passengers traveling by cars, buses or trams. According to [23], the driver’s
behaviours that may affect the passenger comfort experience are: uneven driving, heavy
braking, sharp accelerating and harsh cornering. The author of [24] has proposed to model
the driving style using the acceleration of the bus in three axes. The passengers were
asked to grade their experience during the journey and meanwhile the data from the
accelerometer were collected. The correlation between the acceleration in three axes and
the passengers’ comfort experience was found.
2.2.

Driving style indicators and instrumentation

Several of Information and Communication Technology (ICT) solutions for
increasing the safety and the economy of driving have been developed worldwide. An
eco-driving assistant for Android is proposed in [16] and [17]. The solution is based on
the use of a mobile phone, Bluetooth and OBD-II diagnostic port module. The system
assesses the driver’s driving style considering both environmental and vehicle’s variables.
Speed, acceleration, engine RPM, throttle position, gear, brake position, fuel
consumption, GPS location and weather conditions are some of the data acquired and
processed by the system. To evaluate the relationship between fuel consumption and
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driving style, an expert system with Random Forest classification is run on the mobile
device. In [25], simulations are conducted to analyse an impact of eco-driving behaviour.
It concludes that in normal and free traffic conditions the eco-driving reduces CO2
emissions by 10-15%.
The authors of [26] implemented a low-cost diagnostic and tracking system. An
electronic hardware unit was built to carry-out the interface between the vehicle’s OBD-II
port and a Bluetooth module, which communicates with an Android-based mobile phone.
The driving parameters can be viewed by the user to monitor the fuel consumption and
the other vital vehicle’s electromechanical parameters.
In [18], an on-board logging device is proposed to evaluate the long-term impact
of an eco-driving training course. The device is able to record the position and the speed
of the car using a GPS tracking system and an electronic engine data extracted from the
Controller Area Network. The collected data include the mileage, engine rotational speed,
position of the acceleration pedal, gear selection and instantaneous fuel consumption. Ten
participants have undertaken the four-hour course during the examination period. The
project showed that based on the eco-driving tips the mean value of fuel consumption for
all drivers decreased by 5.8% and changes in the driving behaviour were observed.
Driving styles define a dynamic behaviour of a driver on the road [27]. In this
paper, the authors classify the driver’s style using the measure of how fast he accelerates
and decelerates. The experiments were conducted using a vehicle simulation program.
Applying the same normalized parameters, the driver is classified into one of three
classes: calm, ordinary or aggressive.
There are available built-in-systems that assist drivers in eco-driving, e.g. Scania
Driver Support [28], which was developed for Scania trucks. The system analyses the
data from the truck’s sensors and provides safety and eco-driving tips to the driver.
There is a high potential in using the inertial sensors to differentiate between
different drivers using features associated with acceleration, cornering and braking
behaviours. The authors of [29] propose Support Vector Machine and k-mean clustering
as their training algorithms. In [30], the authors applied k-nearest neighbours
classification algorithm classifying driving style as aggressive or ordinary.
In [31], several measures of driving style and their correlation with the
predictability of the driver in different conditions are proposed. Drivers are distinguished
as aggressive and non-aggressive based on the lateral and longitudinal accelerations and
their derivatives with respect to time, called respective jerks. The results show that the
behaviour of the aggressive drivers is more predictable, most likely because their actions
are more consistent than those of non-aggressive ones. What is more, non-aggressive
drives are more receptive to the feedback from the Driver Assistance Systems.
Different driving styles such as aggressive, calm and careful, and the division
between them are discussed in [32] and [33]. The authors defined specific features, their
indicators and the possibility of measuring them.
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2.3.

Driving style classification methods

Quality of the driving can be defined as the combination of an energy saving
driving style with a behaviour that is respectful to the environment (noise, pollution and
safety) and the vehicle, and is comfortable for the passengers as well [34].
In [35], a self-developed GPS-based device is used to collect driving parameters
and send them to a server where Hierarchical Cluster Analysis (HCA) and Principal
Component Analysis (PCA) are used to identify drivers’ behaviour. This method may be
valuable especially for those involved in fleet management, and it can be used to increase
traffic safety.
Using frequently occurring patterns of vehicle driving, such as a left or right turn
or curve, stop or making a U-turn, the author presents a method for a driving event
recognition using Hidden Markov Models (HMMs) [36]. The used data acquisition
system collects information about the speed along with lateral and longitudinal
accelerations from a vehicle. The research shows that HMMs are accurate and reliable
for driving events recognition. Deng et al. proposed driving style classification using
braking characteristics based on HMM [37].
Dynamic Time Warping (DTW) algorithm and a smartphone sensor fusion can be
used in [38]. Neural Networks can be utilized to characterize the road type and the driving
style [39]. A key element of this system, the Android application, could be downloaded
from Google Play.
Applications of some common classification methods for driving style
assessment, such as Fuzzy Logic, Clustering, Bayesian approach, Decision Tree and
others are presented in [6].
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3.

Thesis statement

3.1.

Problem statement

From the review of related works, one can observe a rising interest on monitoring
and assessing of motorists’ driving style, which defines their driving skills and behindwheel behaviour. The solution is coming from an advance in car embedded systems and
an availability of standardized on-board diagnostic systems, which provide data from the
vehicle’s internal sensors, that can be used to indicate a driving style. The related works
show different ways of assessing safety [13], [14], economy [15], [16], [17], [18], or
comfort [23], [24], using speed, speed limit, engine rotational speed, driving without rest
and jerks. Often, for this purposes the OBD-II diagnostic port, GPS module or mobile
phone are used [16], [17], [18], [24], [28], [35], [38]. Nevertheless, none of the works
combines all criteria into one system. Moreover, most of the assessments were done on a
predefined route or by simulations. Furthermore, none of the solutions applies
information about an actual speed limit of road. Additionally, neither a usage of graphical
visualization combined with driver’s assessment has been reported. Although recognition
and classification of the driver’s style is done in various manners, there is no solution of
quantitative evaluation of criteria and overall assessment as a single score.
Currently in logistics most attention is paid to the route optimization and the cost
of consumed fuel. Very rarely, the optimization includes human - the drivers. Even if so,
they are most often assessed only by time of delivery and consumed fuel. In fact, these
factors are often affected by the road situation and the vehicle's technical condition.
Currently the biggest challenge is to find other parameters that can represent driver's
behaviour and allow his or her objective and reliable evaluation. Such an approach leads
to many benefits such as driving in accordance with the eco-driving tips, reduction of fuel
consumption and consequently CO2 emissions and wear of car parts. What is more, the
insurance and car rental companies are starting to introduce discounts for safe and
cautious drivers as conclusions of risk analysis. The system designed as a part of this
thesis can be used for assistance and assessment of the drivers’ behaviour on the road in
real-time.
3.2.

Research questions and hypotheses

To develop the on-board assistance and assessment system, a method for driving
style evaluation needs to be proposed to identify how does a driver behave on the road.
Our first research question concerns which criteria are suitable for an objective driving
style assessment. We assume that driving style assessment can be grounded on the three
driving quality criteria: safety, economy and comfort [6].
The second question refers to which parameters are the most appropriate to
estimate safety, economy and comfort criteria. Basing on the survey of related works we
propose eight indicators – de- and accelerating ratio, bumping ratio, cornering ratio,
driving time without rest ratio, car speeding ratio, car speeding duration ratio, excessive
engine rotational speed ratio and excessive engine rotational speed duration ratio –
9

which can be calculated using the measures such as: vehicle’s speed, accelerations, jerks
in three axes, engine RPM and driving time. For quantitative judgment, the applied
indicators need to be normalized to the expert-based pattern as defined in Table 5.1.
The third question deals with how to quantitatively evaluate each of the criteria.
We expect that using the spider diagrams is the appropriate way of evaluating safety,
comfort and economy criteria. We assume that it is a suitable way to visualize and score
the multidimensional assessment of driving style.
Apart from research questions there are two general engineering problems that
need to be solved. The first one is about the structure of the system. How to acquire
necessary data during the drive, and how to send and analyse them? We believe that the
proposed system should be designed in accordance with the IoT concept. Data acquisition
could be done using the available car’s diagnostic port – OBD-II, along with additional
accelerometer sensor and GPS module. The Raspberry PI and GRPS modules might
provide data via GSM network. Finally, analysis of the data can be done on the local PC.
Second engineering problem concerns programming environment which could be
implemented for data analysis. The proposed solution is to use MATLAB software to
analyse the data and prepare the spider charts.
3.3.

Main contribution of the thesis

The main contribution of this work is the proposed method for driving skills
assessment, considering much more information than just commonly used time of
delivery and fuel consumption.
This work offers the literature study of the typical drivers’ behaviours, technical
solutions for acquiring data from the vehicle’s network and the evaluation methods.
The proposed method of analysing the driver’s behaviour in an objective and
quantitative way applies three driving criteria– safety, economy and comfort.
Moreover, this work offers a multi-quantitative visualization of the results using
spider charts on a single diagram.
The User-Centred Design process was used to create the system, which should
satisfy both users and stakeholders, because it concerns their requirements and
constraints.
The system structure was proposed, and a prototype device was built.
Furthermore, the proposed solution was validated and verified based on real
measurements using real world scenarios.
The resulting system due to its small size, low cost, simple architecture and
applicability to the wide range of vehicles, can be easy customized to different
commercial applications.
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4.

User-Centred Design

Nowadays, usability of the product is one of the main goal that must be considered
in designing. To do that, during the project, not only stakeholder’s requirements but also
users’ desires, needs and constraints should be taken into consideration. This design
approach is called User-Centred Design (UCD). This project was done according to the
UCD specification stated in the standard ISO 9241-210 [40] and described in [41]. Figure
4.1 presents general phases of the UCD process.

Figure 4.1. User-Centred Design diagram [41]

Finding a problem that is worth solving is the beginning of all projects.
Identification of the needs should be always an inseparable element of the design process,
as the project should meet market demands. Such identification was done for this project
and is described in Chapter 2. Survey of related works and section 3.1. Problem statement
in this thesis.
Specifications of the use context and of the requirements are the following steps
of the designing. The first of them concerns the identification of users, their purposes of
using the product and conditions under which they will use it. Results of these phases are
presented in Chapter 4.1. Context of use
The second of the initial steps defines all requirements, desired features and
constraints that are posed by users, business and environment, and is described in
section 4.2. named Functional and Non-functional requirements. This part involves users
in the design process.
The following design step is to create the solution according to the presented
requirements. This is the main part of this project and is described in part 3.2. titled
Research questions and hypotheses and further in sections 5 and 6 called System
modelling and System implementation respectively.
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The last design step – evaluation – justifies whether the system satisfies all the
requirements and can be considered as a final product. This step is described in section 6
named System implementation.
The UCD is an iterative process, thus it may be repeated until satisfying results,
accepted by all participants are achieved.
4.1.

Context of use

In Table 4.1 the identified users, their purposes of using the product and
conditions under which it will be used are shown. There are two groups of users of the
designed system. Drivers belong to a user group which interacts with the device directly.
They can use the device as a tool that enables improvement of their driving styles. They
can also utilize it to get insurance or car rental discounts for safe and economical driving.
Another purpose of using the system, would be evaluation and comparison of different
drivers. The users, who drive their cars with the device installed in it, can get a feedback
about their driving style and monitor their progress for driving improvement over a longer
period of time.
The second group of users – fleet managers or company owners – is the one that
makes decisions based on the evaluation results. They may work at an insurance
company, which analyses driving risk or in a car rental estimating the maintenance costs.
A transport company manager would also be interested in using the proposed system for
both costs reduction and reliability improvement. Monitoring driver’s activity is very
important factor for this group of users. This group will not interact with the device
directly but will inspect the results of the evaluation on a personal computer or a mobile
phone.
Table 4.1. Context of use of the system

User Purpose of using
x

Fleet manager or
company owner

Driver

x

4.2.

x
x
x
x

Conditions under which it will be used

To get driving style evaluation as a feedback that
helps training and skills improvement,
To get discounts from insurance or car rental
companies,
As an employee to be evaluated in reliable and
objective way.
To monitor drivers,
To analyse risk and economy of drivers,
To find and eliminate bad habits of the drivers.

x
x

Driving a car with the device mounted in it,
Checking the results of evaluation and own
progress after driving.

x

Remote access to all the data via a computer
or a mobile device.

Functional and Non-functional requirements

In Table 4.2 the functional requirements from the users and stakeholder are
presented. The first group of users - the drivers, should be certain that their evaluation is
objective and corresponding to their behaviour. The results are to be presented in a clear
and comprehensive way, avoiding too many details. Also, the results should be displayed
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in real time and should inform about bad habits of the drivers to help them to improve.
The drivers need to have access to their both most recent and historical evaluation results.
The users also cannot be distracted by the device – it has to be autonomous and work
without driver’s interference.
The fleet managers or company owners should also be certain that evaluation is
objective and reliable. They require an access to more data than the drivers to see their
strengths and weaknesses. A remote access to evaluation results is also very important.
Furthermore, they desire to monitor the driver’s activities in the real-time.
Stakeholders focus on the cost reduction effect of the system and its security. They
need to use the data from the system to plan vehicles’ servicing and in managing human
resources. It is important for them that the cost of the device and its upkeep is reasonable.
They want the system to provide information about safety, comfort and economy. It is
also important for them that the device is applicable to a wide range of vehicles without
any configuration. Finally, the stakeholders require system features that are typical for
Internet of Things concept – that is easy deployment of new devices to the system,
connectivity to the Internet and remote updates. Therefore, the design is done according
to IoT idea.
Table 4.2. Functional requirements of the system

User – driver

User – fleet manager

x

x

x
x
x
x

x
x
x

Reliable evaluation of
driving behaviour,
Comprehensive
evaluation,
Getting information about
own bad habits,
Real-time evaluation
presented on a display,
Access to the recent and
historical evaluation
results,
User friendly data
presentation,
Non-distractive work,
Autonomous work of the
device.

x
x

x
x
x

Reliable evaluation of
driving behaviour,
Comprehensive and detailed
evaluation,
Remote access to the recent
and historical evaluation
results,
Getting information about
drivers’ bad habits,
User friendly data
presentation,
Real-time monitoring of the
driver’s activities.

Stakeholder
requirements
x
x
x

x
x
x
x
x
x
x
x

Evaluation of safety,
comfort and economy,
Low cost of the device and
its upkeep,
Installation of the device
without any vehicle
modifications,
Estimation of cars’
technical conditions,
Reduction of transportation
costs,
Improvement of drivers’
and cargo safety,
Connection to the internet,
Data storage and transfer
security,
Easiness in adding new
devices to the system,
Remote updates,
Applicability to wide range
of vehicles.

Apart from the functional requirements posed by the users and stakeholders, there
are others that need to be considered. These are constraints posed by environment and
technology and other requirements that should be considered and are presented in Table
4.3
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Technical constraints are the obstacles and difficulties posed by the used
technologies. The crucial is availability of the data, which are possible to be acquired
from the car. The created device has to be capable to simultaneously: acquire data,
perform error checking and logging, and transmit results to the server thus performance
is critical aspect. The next technical constraints are range and accuracy of the used
sensors.
Environment in which the device will work also poses additional difficulties. The
type of the car restricts the placement and installation of the device as well as the
availability of useful parameters. In case of wireless communication, it also affects the
signal power which is very important. This is especially true for GPS signal as it can be
easily disturbed by metal parts of the vehicle. An access to a power supply, and its quality
are also problematic. Such environment is also subjected to vibrations and temperature
changes that the designed device needs to resist.
The size of the device is also to be taken into consideration. Furthermore, very
important factors are system robustness and data security.
Table 4.3. Non-functional requirements of the system

Technical constraints

Environmental constraints

Other

x
x

x

x

x
x

Using available sensors and ports,
Simultaneous data acquisition,
error checking and logging and
data transmission,
Device performance,
Sensors’ ranges and accuracy.

x
x
x

Device location and installation
easiness,
Signal range,
Power supply for the device,
Temperature, vibration and
shock resistance.

x
x
x

Size of the
device,
Data storage,
System
robustness,
Data security.

To sum up, the proposed system needs to perform a reliable evaluation of the
driver’s style in context of safety, economy and comfort. Moreover, it should encourage
the drivers to improve their abilities and thus lead to better fuel economy, passenger
comfort and safety on the road. Additionally, real-time driver’s monitoring should be
possible. Also, the designed device should be small, low cost and easy to install. Lastly,
it should be designed to be appropriate for mounting in car in a simple way and would
not distract the driver.
4.3.

Designer approach

As stated in the previous section, an evaluation of the driver has to be
comprehensive, reliable and detailed. On the other hand, there is also a requirement that
the system is applicable to a wide range of vehicles, which leads to constraint that only
available sensors and ports may be used. In this section a solution compromising those
two requirements is presented.
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4.3.1. Assessment definition
Basing on the survey of related works it was concluded that safety criterion
depends on speeding, sudden actions of the driver, ambient temperature and fatigue of
the driver.
Speed limits represent the maximum safe speed that can be reached on a specific
stretch of the road. Therefore, driving above the speed limits (speeding) is a valuable
parameter for the driver’s assessment.
Engine uptime represents time of driving. According to [28] and [29], it is highly
unrecommended to drive without any rest for more than 2 hours. This parameter indicates
if and how much did the driver exceed recommended driving time without rest.
Modern cars present information about the ambient air temperature to the driver,
and some even warn him if it drops below 3°C or 4°C. This air temperature can indicate
that the temperature of the road can be below 0°C, especially in shaded places, on bridges
and overpasses. The danger of such low temperature is icing [44]. Using this information
could help in more strict evaluation of the safety in low temperatures.
According to the Survey of related works, sudden braking, accelerating and
steering wheel movement can lead to the loss of traction and consequently to an accident.
Additionally, bad road conditions and worn car’s suspension can also affect driving
safety.
Similarly as safety, the economy criterion can be assessed in many ways and using
a number of indicators.
Along with the speed, an engine RPM is the primary parameter shown to a driver
on a dashboard. According to section 2. Survey of related works, high RPM increases the
fuel consumption and could be also an indication that the gear ratio is too low.
As said in [22], it is recommended that an engine should be turned off if a stop
lasts longer than one minute. The minimum stop time is set because starting an engine of
a car without start/stop technology consumes similar amount of fuel to one minute of
idling. The excessive (above one minute) engine uptime, while the car is stopped (speed
is zero), can be a reliable indicator of driving habit related to economy.
Engine load significantly influences fuel consumption. Unfortunately, there is no
available analysis of this parameter, and neither clear direct relationship between engine
load and the driving economy can be measured. This parameter is recommended to be
included in the future work.
In the Survey of Related Works, it is indicated that calm driving, without
excessive usage of brakes and throttle reduces the fuel consumption and wear of parts.
Also, bad road conditions indicated by vibrations can cause damages and increase the
car’s maintenance costs.
Both instantaneous and average fuel consumption are crucial parameters, which
directly influence driving economy and also CO2 emission.
The choice of gear ratio can be used to distinguish between economical and
wasteful drivers. From the eco-driving tips, it can be concluded that driving on the highest
possible gear ratio, with low engine RPM leads to the reduction of the fuel consumption
and costs. Unfortunately, this parameter is useless in a case of automatic gearbox.
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The last parameter useful for the economy criterion is a number of passengers in
a car. According to the survey of related works, using a car for only one person is highly
uneconomical. The idea of carpooling can reduce the operating cost and environmental
impact.
The last criterion – comfort criterion – is mostly influenced by acceleration in all
three axes. Rapid braking, accelerating, full speed driving into potholes and sharp turning
make passengers jolt and create possible cargo displacement and damage.
Driving too long without any rest break is also inconvenient for passengers,
therefore regular stops are required during a long journey. This feature is easy indicated
by engine uptime as for the safety criterion.
A high number of passengers and noise in a car are also inconvenient and even
unsafe.
The analysis presented here shows that the proposed safety, economy and comfort
criteria can be influenced by many driving parameters. Different drivers' behaviour
behind the wheel can be monitored and measured to provide useful information.
4.3.2. Parameter availability
As stated in the previous subchapter, there are many parameters that are related to
the three chosen criteria – safety, comfort and economy. There is a number of useful
parameters, which measures can be obtained from Controller Area Network, CAN, using
the On-Board Diagnostic level 2, OBD-II, interface. The parameters are identified by OnBoard Diagnostics Parameter IDs, OBD-II PIDs. The standard set of PIDs is defined by
SAE J1979 standard, but as stated in [45] - “not all vehicles will support all PIDs and
there can be manufacturer-defined custom PIDs that are not defined in the OBD-II
standard”. The general rule is that the newer the car, the more parameters can be obtained
from it. Choosing only those parameters that are available on wide range of vehicles in
the same way was a requirement specified by the stakeholder in UCD section.
The analysis of the parameters availability was done on the four car models:
Volkswagen Polo V, Renault Mégane III, Nissan X-Trail III and Opel Astra H. Due to
the UCD requirement, only the parameters that were available and in the consistent way
on all of the tested cars are used in the system. The parameters that were difficult to reach
were considered as inconvenient and therefore they are also not used in the project. Only
a customised device can retrieve these parameters for a higher price and applicable for a
dedicated car model. The final set of parameters consists only of basic parameters that
should be available in all also untested car models.
It is important to notice that all of the tested car models had a manual gearbox.
The choice of automatic one would result in slightly different results of RPM values but
still the collected data would represent driving style.
The parameters availability and their relevance to the criteria used are presented
in Table 4.4. Speed, engine RPM and engine uptime are the basic parameters obtained
using OBD-II interface. They are available in all car models and therefore used in the
project. Speed limit value, which is independent of a car model and is also used, is
obtained using GPS using an additional module.
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Without a customized hardware it is not possible to estimate the brake pedal
position and steering wheel angle, which could be suitable to measure some driving
features. The throttle position, which is available using the OBD-II does not accurately
resemble a pedal usage. A solution to these problems is using an additional accelerometer
module. Braking and accelerating are represented by the longitudinal axis and cornering
g-force by the lateral one. For vibration measurement, which affects mostly maintenance
costs and comfort, the vertical axis is used. Figure 5.1 shows accelerometer axes and
corresponding car movements.

Figure 4.2. Acceleration affecting a car [46]

Both instantaneous and the average fuel consumption measures are not used in the
system. The first one is available only in some cars, but it could be estimated from the
mass flow rate of air entering a fuel-injected internal combustion engine. The tests
showed that estimations were unreliable and differed greatly among car models. Thus,
this parameter is not taken into account. The second one, average fuel consumption, is
unavailable since it could only be estimated from instantaneous fuel consumption.
Fortunately, other chosen parameters like RPM and acceleration could be used to indicate
the fuel consumption and compensate the lacked two.
Ambient air temperature acquired from the OBD-II is not equal to the real one or
to the value presented to the driver. Because of that, this parameter is not taken into
account, but is recommended for further investigation.
A gear ratio selection is not included in the OBD-II standard and only a dedicated
hardware would allow to retrieve this parameter directly. However, it is possible to find
it out from the speed, RPM, gearbox specification and tire diameter. This would require
an adjustment for every vehicle and thus cannot be implemented without customization.
Fortunately, from a value of engine RPM, one can indicate if the driver uses too low gear
ratio, which is sufficient to assess economical aspect of driving style.
Currently, most of older cars’ computers do not provide information about a
number of passengers. It is also quite difficult to obtain this data from ODB-II interface
in new car models. In future, a usage of build-in passengers’ sensors might be easier and
would allow to reward drivers who travel with company.
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Measurement of the noises in the car is also difficult. An additional sensor would
be required, and the device location would have great influence on its performance.
Additionally, a distinction between music, talk and other noises would be required.
Because of that, the noise parameter is excluded but recommended for future work.

Table 4.4. Parameters that influence safety, economy and comfort and their availability in all tested
vehicles

Criterion

Safety

Economy

Comfort

Parameter

Common
availability

Speed
Speed limits
Engine uptime
Acceleration (g-force) in 3 axes
Ambient air temperature
Brake pedal position
Steering wheel angle
Engine RPM
Engine uptime
Acceleration (g-force) in 2 axes
Instantaneous fuel consumption
Average fuel consumption
Brake and throttle pedal position
Selected gear
Number of passengers
Engine uptime
Acceleration (g-force) in 3 axes
Number of passengers
Noise

Yes

No

Yes

No

Yes
No

4.3.3. System architecture
The main idea of the system is based on the Internet of Things, IoT, the concept
stated in Section 4.2 - Functional and Non-functional requirements. The IoT reference
model introduced by Cisco [47] was further modified and adapted to match this project
goal. The goal is to collect the data from the car’s computer and additional modules, then
send them to the server, analyse, and display the evaluation results. The proposed system
consists of the four functional layers: Sensing-, Network-, Application-, and Businesslayer. The functionalities of each layer are supported by the relevant hardware and
software. The system structure is presented on the block diagram in Figure 4.3.
The Sensing-layer is responsible for data collection during the driving, data preprocessing including filtering and edge computing. The functionalities are executed at the
OMCU and three data collection modules. The accelerometer measures acceleration in
three axes, the GPS module is responsible for obtaining car’s position, and the OBD-II
module as a communication interface gives an access to the CAN and allows to collect
the data from the car’s computer.
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A part of the OMCU hardware performs communication functionalities, therefore,
it also belongs to the Network-layer. The included communication module provides data
to a SSH File Transfer Protocol (SFTP) server for further analysis via a mobile network
through the GPRS. All standardized communication protocols of data transmission
belong to the Network-layer of the model.
In the Application-layer, high-level data processing such as filtering, data
synchronization and estimation of the driving indicators are performed. In this layer, the
cloud-level comprehensive analysis and results visualization are realized. These
processes are supported by the dedicated algorithms implemented in MATLAB. In the
final product, the data analysis is performed on the device in the real-time and only
evaluation results are uploaded to the server.
The final Business-layer includes the management and decision-making
functions, where relevant algorithms are implemented. At this layer, the acquired and preprocessed data are used to deliver information required by specific applications. The
applications can also aim for a specific business purpose, such as risk analysis or
assessment of driving style required by a car rental or insurance company.
Thanks to the application of the IoT concept, adding new “things” – that is cars –
poses no challenge, and scaling from one car to the whole fleet is easy.
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Figure 4.3. System architecture using an IoT approach.
OMCU – On-board Measurement and Communication Unit; CAN – Controller Area Network
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5.

System modelling

The basic design stage of a driver style assessment system is to choose driving
style criteria and corresponding measures that reflect interactions between the driver and
a car along with the surrounding environment. In this approach, the driving style defines
the driver’s skills and behaviour behind the wheel. However, surrounding environmental
aspects such as the daylight condition, weather conditions in terms of precipitation and
ambient temperature, road type and condition are not considered in this driver style
assessment. Nevertheless, they can be added to the assessment criteria easily and without
special investment.
Since the driving style assessment is to be used for different purposes and to make
it more flexible, we propose the aforementioned assessment criteria: safety, economy and
comfort. The selection of these criteria is in line with references presented in sections
Survey of related works and User-Centred Design. The interviewed stakeholders have
chosen these three criteria as the most relevant for their applications. As it was mentioned
in section Thesis statement, all of these criteria have been already widely researched,
however, until now there is a lack of the comprehensive assessment method considering
all criteria together. Meanwhile, each of the three criteria can be used exclusively to guide
the drivers in improving their driving style and may be useful for risk analysis and
professional skills assessment.
Each assessment criterion is quantified using various indicators, which are
normalized. Some of them refer to established regulation standards, and others refer to
expert’s ride and behaviour measures. The selection of indicators is limited to the
quantities accessible via the OBD-II socket of an ordinary personal vehicle along with
the commonly used 3D accelerometer and data from a GPS module. The applied eight
indicators were defined based on the reports presented in section Survey of related works
[8], [13], [14], [15], [17], [18], [23], [24], [25], [27], [32], but also on our pre-study and test. All indicators are estimated from measures acquired within a single test ride time tstr,
when N samples of the defined sampling rates are collected.
The criteria, corresponding indicators, symbols and the proposed definitional
equations are summarized in Table 5.1.
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Table 5.1. The safety, economy and comfort criteria and corresponding indicators, their symbols and
definitions.

Criterion

Indicator

Symbol

Definition

De- and accelerating ratio

jrx

ቌ

Bumping ratio

jrz

ቌ

Cornering ratio

jry

൮

Driving time without rest
ratio

dtr

ʹ ή ܰ௦
ݐ௦௧

(4)

spr

ͳ
ܵܮ
൭ 
൱ േ ߪ௦
ܯ
ܵܥ

(5)

Comfort,
Economy,
Safety

Comfort,
Safety

തതതത
ܰ ή  ݔܧ
ቍ
ȟܽ௫
σே
ቚ
ቚ
ୀଵ ȟݐ

(1)

തതതത
ܰ ή  ݖܧ
ቍ
ȟܽ௭
σே
ቚ
ቚ
ୀଵ ȟݐ

(2)

തതതത
ܰ ή  ݕܧ
൲
ȟܽ௬
σே
ฬ
ฬ
ୀଵ ȟݐ

(3)

ெ

Car speeding ratio



Safety
Car speeding duration ratio

spdr

൬ͳ െ

ܯ
൰
ܰ

(6)



Excessive engine rotational
speed ratio

rsr

Economy

ͳ
ܴܴܵܧ
ቌ 
ቍ
ܮ
ܴܵܧܧ


(7)

േ ߪ௦
Excessive engine rotational
speed duration ratio

rsdr

ܮ
൬ͳ െ ൰
ܰ

(8)

തത - mean
where: N – a number of samples acquired within a single test ride; തതതത
 ݔܧ, തതതത
ݕܧ, and തത
ݖܧ
expert’s values of ratios of de- and accelerating, cornering and bumping ratios
respectively; ȟܽ௫ , ȟܽ௬ and ȟܽ௭ - successive accelerations in x-, y- and z-axes
respectively; ȟ ݐ- sampling ratio; ܰ௦ – a number of rest stops during the test ride, ݐ௦௧ time of single test ride;  – ܯa number of samples of exceeding speed limits; ܵ ܮand  ܥspeed limit and current speed respectively;  ܮ- a number of samples of exceeding
recommended engine rotational speed;  ܴܴܵܧand  ܴܵܧܧ- recommended engine rotational
speed and difference between engine rotational speed and recommended one respectively.
5.1.

Indicators

Each of the eight proposed indicators is used for just a single criterion, or two and
even three criteria. This means that some aspects of the criteria overlap or even include
each other.
The most common for all criteria is the de- and accelerating ratio, jrx (1), which
indicates a driver’s tendency for aggressive driving. The indicator is obtained by
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analysing the car’s dynamics represented by mean jerks in x axis, where jerk is understood
as the first derivative of the car’s acceleration ax in respect to time. To assess whether a
driver does not accelerate or decelerate too rapidly, the calculated mean value is related
to the respective mean expert’s jerk തതതത
 ݔܧ. The acceleration can be measured using
conventional accelerometers.
Bumping ratio, jrz (2), is a measure of driver’s tendency to pass over speedbumps
or road holes with too much speed. The indicator estimated from the mean jerk in z axis
തത.
relates to the mean expert’s jerk തത
ݖܧ
Cornering ratio, jry (3), identifies whether corners are taken smoothly and calmly
or sharply and fast, which indicates both driver’s skills and behaviour. The indicator is
measured as the mean jerk in y axis. To assess whether the sharpness of the bend matches
the speed, the mean value is related to mean expert’s jerk തതതത
ݕܧ.
Driving time without rest ratio, dtr (4), assesses whether the driver follows the
rule of resting after a recommended driving time. It can be mapped from engine uptime
information, which shows time of driving without stopping and is available using OBDII interface. This indicator is reasonable for a ride, which takes more than two hours.
Car speeding ratio, spr (5), is the average driving speed over the limit during the
test ride. This value is calculated based on M samples of current speed, CS, of the speed
above the limit, SL. However, to comprehensively assess the driver’s style, the speeding
distribution is more informative. Therefore, apart from the mean value the normalized
standard deviation Vspr is also used.
Car speeding duration ratio, spdr (6), shows length of time the driver exceeds the
speed limits. It is estimated by relating the number of samples M of the exceeding speed
limit to all N samples of the test ride.
Excessive engine rotational speed ratio, rsr (7), assesses mostly an economical
aspect of driving style. This mean value of revving is calculated based on L samples of
engine rotational speed, RERS, exceeding the recommended value related to the
recommended value EERS. However, to comprehensively assess this indicator, the
excessive engine rotational speed distribution is needed. Therefore, apart from the mean
value the normalized standard deviation Vrsr is also used. These measures are acquired
via diagnostic ports.
Excessive engine rotational speed duration ratio, rsdr (8), measures length of
time the engine rotational speed was exceeded in comparison to the test drive time. Since
short-term engine rotational speed overrun may sometimes be necessary, the time ratio of
exceeded engine rotational speed is proposed.
5.2.

Criteria

The driving safety criterion, SAFC, is based on six indicators (1)-(6) [8], [13],
[14], [32]. Most of the ratios: bumping, jrz, de- and accelerating, jrx, along with cornering
ratio, jry, together with car speeding, spr, and car speeding duration, spdr, are measures
of driving dynamics and may show a hazardous loss of tire friction. The first three
indicators show how the driver’s behaviour differs from the expert’s one, whose results
are a pattern of safe driving. Two other indicators, i.e. the car speeding and car speeding
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duration are used to estimate how much and how frequently, the driver exceeds the speed
limits, which are laid down by regulations.
Apart from behavioural factors, a habit of resting-less driving time is important
for safety. Therefore, driving time without rest ratio, dtr, is included in the safety criterion.
The economy criterion, ECOC, is relevant not only from an economy point of
view but also due to the sustainability issue. The criterion is very substantial for the
professional drivers and their employers. The ECOC can be based on the car’s engine
rotational speed and how much it exceeds the eco-driving standards, which are directly
related to fuel consumption [15], [16], [17].
Bumping ratio, jrz, indicates a habit of fast passing over the road speedbump or
holes, which lead to damages and shortens life time of the car’s parts. Furthermore, an
excessive usage of brakes and throttle, indicated by de- and accelerating ratio, jrx, affects
both fuel combustion and wear of parts, i.e., tires and brake pads [17], [18], [27].
Long driving with high engine rotational speed, measured by excessive engine
rotational speed ratio, rsr, affects fuel consumption [19], [22]. Moreover, when the driver
exceeds the recommended engine rotational speed for longer periods, it indicates
uneconomical driving on too low of a gear ratio [18].
The comfort criterion, COMC, measures passenger’s convenience and the cargo’s
safety in terms of its displacement and damage. The criterion is assessed using four
indicators of driving smoothness, which mostly depends on ways of deceleration and
acceleration, i.e., turning too fast or hesitantly [23], [24]. Moreover, the manner of driving
through speedbumps or potholes is important for the passenger’s experience. All these
events can be indicated by acceleration measures in the car’s three axes and jerk
calculations given by (1)-(3).
Apart from the safety issue, the long drive without a rest can be inconvenient, both
for the driver and passengers. Therefore, the driving time without rest ratio, dtr (4),
contributes to the comfort criterion.
5.3.

Assessment

To objectively assess and visualize a multidimensional problem of driving style
assessment, the spider diagram approach [7] is proposed. This driving style assessment is
based on analysis of SAFC, ECOC and COMC criteria, with an overall assessment
including each indicator. Figure 5.1 shows an exemplary assessment based on SAFC,
with six indicators jrx, jrz, jry, dtr, spr and spdr, where all of them have the same weights.
The black contour line represents the expert’s scores of each indicator and the blue
contour line depicts assessed driver’s results.
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Figure 5.1. Example of spider diagram of SAFC

Analysing the surface area of the resulting blue hexagon, it is possible to depict
the driver’s safety criterion score ܥܵܦ௦ that can be calculated as a sum of six triangles
from the formula:
ଵ

ܥܵܦ௦ ൌ  ൈ ሺͲιሻ ൈ ሺ݆ݎ௫ ൈ ݆ݎ௭  ݆ݎ௭ ൈ ݆ݎ௬  ݆ݎ௬ ൈ ݀ ݎݐ ݀ ݎݐൈ  ݎݏ
ଶ

 ݎݏൈ  ݎ݀ݏ  ݎ݀ݏൈ ݆ݎ௫ ሻ,

(9)

The driver’s ܥܵܦ௦ related to an expert safety criterion score, ܥܵܧ௦ forms the
normalized safety criterion score, ܰܵܥୱ :
ܰܵܥ௦ ൌ

ܥܵܦ௦
ൌ ሺ݆ݎ௫ ൈ ݆ݎ௭  ݆ݎ௭ ൈ ݆ݎ௬  ݆ݎ௬ ൈ ݀ ݎݐ ݀ ݎݐൈ ݎݏ
ܥܵܧ௦
  ݎݏൈ  ݎ݀ݏ  ݎ݀ݏൈ ݆ݎ௫ ሻȀ

(10)

A similar assessment method may be used for driver’s normalized economy
criterion and comfort criterion scores, ܥܧܦ௦ ,ܥܥܦ௦ , respectively:
ܰܥܧ௦ ൌ

ܥܧܦ௦
ൌ ሺ݆ݎ௫ ൈ ݆ݎ௭  ݆ݎ௭ ൈ  ݎݏݎ  ݎݏݎൈ  ݎ݀ݏݎ  ݎ݀ݏݎൈ ݆ݎ௫ ሻȀͶ
ܥܧܧ௦

(11)

ܥܥܦ௦
ൌ ሺ݆ݎ௫ ൈ ݆ݎ௭  ݆ݎ௭ ൈ ݆ݎ௬  ݆ݎ௬ ൈ ݀ ݎݐ ݀ ݎݐൈ ݆ݎ௫ ሻȀͶ
ܥܥܧ௦

(12)

ܰܥܥୱ ൌ

where ܥܧܧ௦ and ܥܥܧ௦ are the expert’s scores for safety and comfort criteria respectively.
The proposed overall assessment score composed of all eight indicators is shown
on Figure 5.2, and the driver overall normalized final score ܱܰ௦ can be calculated as:
ܱܰ௦ ൌ

ܱܦ௦
ൌ ሺ݆ݎ௫ ൈ ݆ݎ௭  ݆ݎ௭ ൈ ݆ݎ௬  ݆ݎ௬ ൈ ݀ ݎݐ ݀ ݎݐൈ ݎݏ
(13)
ܱܧ௦
  ݎݏൈ  ݎ݀ݏ  ݎ݀ݏൈ  ݎݏݎ  ݎݏݎൈ  ݎ݀ݏݎ  ݎ݀ݏݎൈ ݆ݎ௫ ሻȀͺ

where ܱܦ௦ ܱܧ௦ are driver’s and expert’s overall score, respectively.
25

Figure 5.2. Example of spider diagram for overall assessment

The proposed graphical visualization facilitates a comparison of the latest results
of assessment of driving style with the previous ones, showing which indicators of driving
style have been enhanced and which still need to be improved.
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6.

System implementation

Hardware and software implementations have been executed within the project
frame and are described in detail in the following sections.
6.1.

Hardware implementation

The OMCU, is the main hardware system, which acquires data and communicates
with the server, as shown in Figure 4.3. It consists of a single-board computer Raspberry
Pi and expansion modules: the accelerometer, GPS module, GPRS module and real-time
clock. Additionally, the OMCU is integrated with the OBD-II adapter via a Bluetooth
module of the Raspberry Pi. The hardware diagram is presented in Figure 6.1.

Figure 6.1. Hardware connection diagram

6.1.1. Raspberry Pi 3 model B
The single-board computer Raspberry Pi 3, shown in Figure 6.2, constitutes the
main component of the OMCU embedded device. It is the third generation of the popular
minicomputer. Its main features include:
x 1.2 GHz 64-bit quad-core ARMv8 CPU,
x 802.11n Wireless LAN, Bluetooth Low Energy (BLE) 4.1,
x 1 GB RAM,
x 4 USB ports,
x 40 General Purpose Input Output (GPIO) pins,
x Ethernet port.
It runs on a Debian-based Linux operating system called Raspbian. At the Raspberry Pi,
data are acquired, stored and processed. It can be powered either from the car’s 12 V
socket via USB adapter or from a power bank.
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Figure 6.2. Raspberry Pi 3 model B

6.1.2. Accelerometer
For the acceleration measurement, the 3-axis ADXL345 accelerometer (Figure
6.3) with selectable measurement ranges is applied. For this application, ±4 g range is
chosen. The sampling rate can be between 0.1 Hz and 3200 Hz. Based on a conducted
empirical test, 12.5 Hz is found as sufficient for driving style analysis. It measures both
dynamic accelerations resulting from motion or shock and static accelerations, including
gravity. The module is connected to Raspberry Pi using I2C bus.

Figure 6.3. Accelerometer ADXL345 [48]

6.1.3. GPS
The actual car’s position is determined via the NEO7M-C GPS receiver module
(Figure 6.4), which communicates with Raspberry Pi by a Universal Asynchronous
Receiver and Transmitter (UART) interface applying the NMEA 0183 standard. This
standard defines an electrical interface and data protocol for communications between
marine electronics [49].
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Figure 6.4. GPS NEO-7M-C [50]

The data are transmitted in sentences, each starting with “$” sign. After successful
positioning, the GPS module provides information about latitude, longitude, time, number
of detected satellites, metres above sea level and many more. Using the NMEA 0183
standard, the meaning of each sentence can be interpreted. The most relevant quantities
are marked with a yellow frame in Figure 5.5. In this example, the marked values are:
actual time 17:00:20, latitude 54° 33.55101' N, longitude 18° 24.66034' E and the current
date 23.02.2017.

Figure 6.5. Raw GPS data

6.1.4. OBD-II adapter
To acquire vehicle’s variables such as speed, engine load and engine rotational
speed in real-time, the iCar III OBD Scan-tool adapter (Figure 6.6) is applied. Availability
of the parameters differs from car to car and was verified in section 4.3.2 called Parameter
availability. This module also enables reading, erasing and displaying of the diagnostic
codes, which are used in troubleshooting. The adapter is plugged into the vehicle’s OBDII socket and communicates with Raspberry Pi via the Bluetooth module. The list of all
available parameters and codes in the standard is available in [51].
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Figure 6.6. OBD-II adapter

6.1.5. Real-Time Clock
None of the available Raspberry Pi models consists of a built-in real-time clock,
so they are unable to keep track of daytime without an Internet connection. Therefore, a
real-time hardware clock DS3231 (Figure 6.7) with a battery backup is added to the
system using the I2C bus to provide the current time offline.

Figure 6.7. Real-Time Clock DS231 [52]

6.1.6. GSM/GPRS
The GSM/GPRS dual SIM-c-uGSM μ-shield v.1.13 module (Figure 6.8) is used
to enable a communication between the computer and Internet. The GPRS module
provides a low speed high range mobile Internet connection. However, it requires a SIM
card and an additional 250 mAh LiPo battery due to possible current spikes higher than
1.5 A. The module is connected to the Raspberry Pi using the serial communication
protocol via USB interface.
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Figure 6.8. GSM/GPRS module [53]

6.2.

Software implementation

According to the IoT architecture presented in Figure 4.3, the software part of the
system is implemented at three IoT layers, i.e., Sensing-, Network- and Application-layer.
For Sensing- and Network-layers, the OMCU’s application program responsible for the
data acquisition and communication has been developed. In the IoT Application-layer,
the collected data are sent to the server via OMCU and processed in MATLAB R2017a
environment.
6.2.1. Raspberry Pi
For the purpose of this project, a program in Python has been developed and run
on the Raspberry Pi in the auto start mode. The program is divided into threads working
independently and simultaneously in an infinite loop. In Figure 6.9 the software structure
is presented.

Figure 6.9. Program diagram
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Each thread is responsible for different function of the system. The
Accelerometer-, GPS- and OBD-thread collect the data from the accelerometer, GPS
module, and OBD-II reader respectively. These data are saved as separate text files in
json format on the Raspberry Pi memory card. The data are collected with different
frequencies and thus in a later stage described in 6.2.4, data synchronization is performed.
The Supervisor-thread schedules data sending. After predefined period of time,
new files are created, and the old ones are added to the sending queue.
The Sending-thread constantly checks the sending queue and if any files are listed,
it sends them to the SFTP server using the GRPS module. After confirming that files were
successfully received by the server, the queue is cleared, local files are deleted, and the
thread continues to check for new packages. In a case of signal loss or connection
problem, reconnection via module restart is executed. Also, to prevent the program from
being stuck, timeout function has been added. It cancels connection if the sending is too
long and restarts the procedure.
6.2.2. Obtaining speed limits
As stated in chapter System Modelling, calculation of Car speeding ratio and Car
speeding duration ratio requires a value of speed limit of the used road. This value cannot
be obtained from OBD-II or other sensors. Usage of vehicle’s position from the GPS
module and online information about road speed limits is proposed as a solution to this
problem. This is done using a dedicated Application Programming Interface (API)
available from OpenStreetMap. First, whole area map that contains the driven route is
downloaded. Then, for each GPS position, the closest (and within maximum allowed
distance) position on the road is found, and speed limit is saved. Later, an error checking
process is performed, to find potential wrong speed limits that may be obtained on the
crossroads. In Figure 6.10 the first plot shows vehicle speed and detected speed limit, and
the second one, percentage speeding. Higher speed limits indicate that the vehicle was
moving on the highways and lower, on the urban roads. Zero speed limit is fixed at the
beginning when the GPS module is searching for a signal and any readings are unreliable.
Speeding in this case is also fixed zero.
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Figure 6.10.Speeding results of the aggressive driver

6.2.3. Filtering
The data collected to Raspberry Pi and sent to the server are then downloaded and
processed in MATLAB R2017a environment on the PC. First, all text files from each
module are combined and loaded to the workspace. Then the data parsing is performed –
converting units, calculating time and sorting. Also, error detection is performed, and
measures that are incorrect (wrong format, length or uncomplete values) are filtered out.
The data from the accelerometer are filtered because of presence of high noise.
Two types of filters are proposed and presented in Table 6.1. The 4th order lowpass
Butterworth filter with cut-off frequency at 0.8 Hz is applied for measurements in x and
y axes. For the case of the z axis, the useful information needs to be extracted from the
signal corrupted by two components: the vehicle vibration response varying between 1 Hz
and 2 Hz [54], and disturbance of low frequency caused by landform. Therefore, to clear
out these components, a 4th order bandpass Butterworth filter with cut-off frequencies
0.1 Hz and 0.8 Hz is applied. The filters’ parameters were chosen empirically. Figure
6.11 – Figure 6.13 show examples of accelerometer measures for x, y and z-axes
respectively, before and after filtering.
Table 6.1. Filters applied to accelerometer measurements

Filtered signal

Filter type

Cut-off
frequencies

Accelerometer measurements in x and y axis
Accelerometer measurements in z axis

4th order lowpass Butterworth
4th order bandpass Butterworth

0.8Hz
0.1Hz to 0.8Hz
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Figure 6.11. Original and filtered acceleration signal for X-axis

Figure 6.12.Original and filtered acceleration signal for Y-axis
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Figure 6.13. Original and filtered acceleration signal for Z-axis

6.2.4. Data synchronization
Collected data are unsynchronized as each module works with different sampling
rate. To solve this problem, a synchronization is performed. Time vectors of two data sets
are compared and then the third vector is created by their aggregation. Two new data sets
with the common time vector are created. This means that interpolation of samples is
needed. Values for these samples are calculated using linear interpolation. Exemplary
synchronization results are presented in Table 6.2 and visualized in Figure 6.14.
Table 6.2. Exemplary data before (A, B) and after (A’, B’) synchronization.

A
Values Time [s]
1.0
3.0

0.0
1.0

6.0

2.0

4.0
5.0

3.0
4.0

B
Values Time [s]
6.0

0.0

3.0

1.33

1.0

2.66

2.0

4.0

A’
Values Time [s]
1.0
3.0
4.0*
6.0
4.66*
4.0
5.0

0.0
1.0
2.5*
2.0
2.66*
3.0
4.0

B’
Values
Time [s]
6.0
3.75*
3.0
2.0*
1.0
1.25*
2.0

0.0
1.0*
1.33
2.0*
2.66
3.0*
4.0

Notice: Blue samples are unique for set A, and yellow for B. Green samples are common for both sets.
Values marked with * are interpolated ones.
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Figure 6.14. Synchronization results.
A, B – original data; A’, B’ – synchronized data

As one can see from Figure 6.14, three samples are taken in the exactly same time
for both data sets (A and B) – they are marked as green. After synchronization those
values are unmodified. The synchronized set A’ gained 3 additional, interpolated samples
with the sampling time taken from the set B, and synchronized set B’, gained 3 additional,
interpolated samples with the sampling time taken from the set A. These values are
marked with the asterisk. The more samples within unequal time, then there are more
interpolated values in the resulting synchronized set. Since in practice it is very rare that
modules take samples in the exactly same time, thus after synchronization, amount of
data for each parameter increases.
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6.2.5. Driver’s evaluation
After processing all the data, the analysis is performed. As described in Chapter 5,
System modelling, the indicators (1)-(8) of three criteria are calculated. Accelerometer
results were differentiated so that jerk values were obtained. Later the absolute values
were calculated to finally obtain the mean. This way negative and positive values of jerk
did not zero each other. Engine RPM values were computed in a similar way as speeding.
Threshold of 2700 RPM was set, and all values received from OBD-II that were higher
were used in the calculations. Time above suggested RPM was also counted.
After preparing all parameters, the final calculations of spider charts were
performed as described in 5.3. Assessment. As mentioned before, the charts were
calculated using expert’s results. These values have been determined during the tests and
are subject to change in future work. Their acquisition is described in section 7.2.
Validation. Final results and tests are presented in chapter 7. Evaluation, validation and
verification.
6.3.

System prototype

In order to prototype the system, the solderless breadboard with 400 connection
points is used. The GPIO breakout expansion board is connected to the Raspberry Pi by
a ribbon cable. The breadboard is mounted on the Raspberry Pi plastic case. The photo of
the assembled device is presented in Figure 7.

Figure 6.15.The OMCU prototype.

The separately developed OMCU device was mounted on the test car’s dashboard
as shown in Figure 6.16. Since the accelerometer measurements are sensitive to the device
location, then matching between the device’s axis and the car’s axis significantly affects
the measurements. Therefore, mounting of the device for each test was done very
accurately. The final system version should consist of an automated start-up axes
calibration regardless of the device’s placement.
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Figure 6.16. Device prototype mounted in the car, with depicted accelerometer axes.
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7.

Evaluation, validation and verification

The evaluation, validation and verification tests were conducted on the same car,
Opel Astra H 2005, 1.6, 16V, 105HP equipped with a manual gearbox. During the test
drives, the basic parameters of speed, engine rotational speed and engine uptime were
acquired through an OBD-II interface, while the values of accelerations in x-, y- and zaxes and car’s location were collected from the acceleration and GPS expansion modules,
respectively.
7.1.

Method evaluation

To evaluate the proposed solution for driver’s assistance and assessment system,
five typical road situations were chosen. The aim of the test was to confirm that the jerk
analysis in different axes enables to distinguish different drivers’ behaviours on the road.
The chosen road situations are:
x accelerating on a straight road,
x braking on a straight road,
x turning left and right (Figure 7.5),
x driving on a road with holes (Figure 7.8),
x driving over a speed bump (Figure 7.11).
The tests were conducted at different speeds and with different dynamics of driver’s
actions to show the distinctive parameters for each behaviour. Each test was undertaken
three times to prove the repeatability of the results.
7.1.1. Accelerating on a straight road
The accelerating on a straight road test has been conducted in three cases. The aim
of this test was to show the differences in the longitudinal (x axis) acceleration and jerk
values based on how fast a driver accelerates. The driver had to accelerate from 0 to
60 km/h in three ways – smooth (Figure 7.1a), standard (Figure 7.1b) and rapid (Figure
7.1c) on a straight road. During the drive, he changed gear ratio from one to five.
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Figure 7.1. Smooth (a), standard (b) and rapid (c) accelerating test results. First row of plots presents speed (black) and RPM (red). Second and third rows present acceleration and jerk in x
axis respectively.
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The driver reached the desired speed in 30 s, 18 s and 10 s for smooth, standard
and rapid accelerating, respectively. The apparent changes in RPM indicate the gear ratio
changing. In these moments the changes in the longitudinal acceleration can be observed.
Higher absolute values of acceleration and jerk can be seen in cases when the driver
accelerated faster. Negative values of acceleration are caused by the backward facing
x axis of the accelerometer as shown in Figure 6.16. The comparison of peak-to-peak
accelerations and mean absolute jerks for different accelerating styles is presented in
Figure 7.2. As one can see, the highest peak-to-peak acceleration (0.59 g) and mean
absolute jerk (0.23 g/s) are observed during rapid accelerating (grey), and lowest values
(0.30 g and 0.11 g/s respectively) can be seen during smooth accelerating (blue). This
confirms that acceleration and jerk in x axis can be used to distinguish between different
types of car accelerating.

Accelerating
0,59

0,7
0,6

0,23

0,30

0,4

0,39

0,5

0,11

0,2

0,15

0,3

0,1
0

Peak-peak
Mean absolute jerk
acceleration in X
in X axis [g/s]
axis [g]
Smooth

Standard

Rapid

Figure 7.2. Peak-peak acceleration and mean absolute jerk in x axis for smooth, standard and rapid
accelerating.

7.1.2. Braking on a straight road
Braking on a straight road test was conducted for four cases on the same road as
the accelerating test. The aim of this test was to show the differences in the longitudinal
acceleration and jerk values based on braking dynamics. The driver had to slow down
from 60 to 0 km/h in four ways – using engine braking, by downshifting from gear five
to two (Figure 7.3a) and three different levels of pressure on the braking pedal: smooth
(Figure 7.3b), standard (Figure 7.3c) and sudden (Figure 7.3d).
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Figure 7.3. Engine (a), smooth (b), standard (c) and sudden (d) braking test results. First row of plots presents speed (black) and RPM (red). Second and third rows present acceleration and
jerk in x axis respectively.
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The driver managed to stop the car in over 30 s, 11 s, 6 s and 4 s for engine,
smooth, standard and sudden braking, respectively. During the engine braking test,
apparent changes in RPM indicate the gear downshifting moments. In comparison with
using braking pedal, the RPM decreases steadily. As one can see in Figure 7.3a, the engine
braking has almost no effect on acceleration changes. Peak-to-peak accelerations and
mean absolute jerks in x axis for different braking styles are presented in Figure 7.4.
Higher absolute values of acceleration and jerk can be seen in a case when the driver
braked rapidly. The highest peak-to-peak value (1.07 g) and mean absolute jerk (0.44 g/s)
are observed during sudden braking (yellow) and lowest values of these quantities (0.18 g
and 0.10 g/s respectively) can be seen during engine braking (blue). This confirms that
acceleration and jerk in x axis can be used to distinguish between different styles of
braking.

Braking
1,07

1,2
1

0,39

0,6

0,44

0,56

0,8

0,20

0,12

0,2
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0

Peak-peak
Mean absolute jerk
in X axis [g/s]
acceleration in X
axis [g]
Engine

Smooth

Standard

Sudden

Figure 7.4. Peak-peak acceleration and mean absolute jerk in x axis for engine, smooth, standard and
sudden braking.

7.1.3. Turning left and right
Turning test consisted of two consecutive curves presented in Figure 7.5. The
driver drove at two different speeds – 30 km/h and 55 km/h with different steering wheel
movement dynamics. Smooth turning as typical, gentle and without any sudden moves
(Figure 7.6ac) that could result in loss of traction. Inconsistent turning (Figure 7.6bd)
involving sudden movements of steering wheel. Observations were made for acceleration
in lateral (y axis).
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Figure 7.5. Stretch of road with curves used for tests
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Figure 7.6. Left and right turning test results. (a) – slow ride and smooth turning, (b) – fast ride and smooth turning, (c) – slow ride and inconsistent turning, (d) – fast ride and inconsistent
turning. First row of plots presents speed. Second and third rows present acceleration and jerk in y axis respectively.
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The Figure 7.7 presents peak-peak accelerations and mean absolute jerks in y axis
for different cornering styles. The highest value of peak-peak (0.69 g) and mean absolute
jerk (0.26 g/s) are observed during fast ride with inconsistent turning (yellow), and the
lowest values (0.16 g and 0.05 g/s respectively) during slow smooth turning (blue). It can
be also observed, that for slow inconsistent turning (grey), the values are still very high
despite the low speed. Those results confirm that acceleration and jerk in y axis can be
used to distinguish between different types of cornering.
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0,7
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Figure 7.7. Peak-peak acceleration and mean absolute jerk in y axis for slow smooth, fast smooth, slow
inconsistent and fast inconsistent cornering.

7.1.4. Driving on a road with holes
The tests took place on road in urban area (Figure 7.8). The driver had to drive the
road with holes with a constant speed. The test was conducted to show changes of
acceleration in vertical (Z) axis. This test was performed with two different speeds –
15 km/h and 26 km/h (Figure 7.9ab).
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Figure 7.8. Stretch of road in bad condition used for tests

Figure 7.9. Slow (a) and fast (b) ride with bad road conditions test results. First row of plots presents
speed. Second and third rows present acceleration and jerk in z axis respectively.
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The Figure 7.10 presents peak-peak accelerations and mean absolute jerks in
z axis for fast and slow speeds on poor road conditions. Mean absolute acceleration and
peak-to-peak values are higher for faster (26 km/h) drive. Those results confirm that
acceleration and jerk in z axis can be used to distinguish between different styles of
driving on roads with holes.
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Figure 7.10. Peak-peak acceleration and mean absolute jerk in z axis for slow and fast bad road
conditions test.

7.1.5. Driving over a speed bump
The test was conducted on road in urban area with a speed bump (Figure 7.11).
The aim of this test was to show the differences in the vertical acceleration and jerk values
based on how fast a driver passes over a speed bump. This test was performed with two
different speeds – 15 km/h and 20 km/h (Figure 7.12ab). High peaks in acceleration for
both speeds can be observed when the car rides over a speed bump.

48

Figure 7.11. Speed bump used for tests

Figure 7.12. Slow (a) and fast (b) ride on a speed bump test results. First row of plots presents speed.
Second and third rows present acceleration and jerk in z axis respectively.
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Figure 7.13. Peak-peak acceleration and mean absolute jerk in z axis for 20 km/h and 15 km/h speed
bump test.

The Figure 7.13 shows values of peak-peak accelerations and mean absolute jerks
in z axis for driving over speed bump with different speed. The highest peak-to-peak value
(1.39 g) and mean absolute jerk (1.18 g/s) are observed for speed of 20 km/h. The values
for 15 km/h are around two times lower. Those results confirm that acceleration and jerk
in z axis can be used to distinguish driver’s behaviour while driving over obstacles.
7.1.6. Summary
The test results confirm that the acceleration and jerk in different axes depend on
the driver’s behaviour on the road. Low jerk and acceleration values indicate driver’s
caution and anticipation, whereas high values show driver’s vehemence and tendency to
risk. Also, dynamics of driving through the obstacles can be estimated from
measurements of acceleration and jerk. In the next subchapters, these conclusions are
used to assess different drivers in the full ride tests.
7.2.

Validation

The developed embedded system was validated by tests of multiple drivers on the
same short-route of 16 km. All used indicators were measured to assess the criteria of
safety, economy and comfort, as well as an overall assessment scores.
Due to safety reasons the drivers just imitate/simulate driving styles, since a
drunk, drugged, or sick person could not undertake such test. These limitations are
common in behavioural sciences. To map the expert’s behaviour, a professional driver
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took the same route. The short-route test included different road types, i.e., highways,
ramps and urban streets. Figure 7.14 depicts a test route from the GPS tracker; the
positions are labelled with the driving time in seconds. Depending on the driver, each test
lasted from 21 minutes to 26 minutes.

Figure 7.14. The GPS tracker of test route of validation
Table 7.1. Test rides and their descriptions [6], [32].

Driver Simulated driver style
A
Ordinary
B

C

Aggressive

D

Unusual

E

Calm

Driving style description
- driving in a common, ordinary way;
- medium dynamic of braking;
- accelerating and deaccelerating regularly;
- not too many speeding events;
- turning smoothly.
- driving fast and sharp braking;
- accelerating and deaccelerating rapidly;
- many speeding incidents;
- maintaining high speed while turning.
- simulating sickness or unnatural behaviour;
- braking unexpectedly;
- accelerating and deaccelerating suddenly;
- alternately low and high speed;
- turning inconsistently and aggressively.
- driving calmly;
- avoiding excessive braking;
- accelerating and deaccelerating smoothly;
- never exceed speed limits;
- turning smoothly.

The test results were used to calculate all indicators apart from the dtr, which is
set to the maximum one since the tests were shorter than two hours and no rest was
required. The test results, summarized in Table 7.2 and on the bar-diagram in Figure 7.15,
show that the used indicators clearly differentiate the driving styles. Drivers D and C,
who simulated unusual and aggressive styles obtained the lowest values of all indicators,
while the Driver E, who simulated calm driving style almost reached the expert’s level.
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The jrx is the most diversified of all indicators and has values of 0.95 and 0.32 for
simulated calm and unusual driving styles, respectively. The least varied indicator is rsr
with values between 0.85 and 1.00 for Drivers A and E, respectively. It is noticeable that
std of rsr for Driver A is much greater than others, which may indicate that he was less
consistent with using the gas pedal. Also, std of spr for Driver C may indicate some
inconsistency in driving speed.
Table 7.2. Indicator values for the test rides.

Indicator

Driver
A

Driver
B

Driver
C

Driver
D

Driver
E

Expert

jrx

0.67

0.82

0.47

0.32

0.95

1.00

jrz

0.77

0.97

0.80

0.74

0.93

1.00

jry

0.81

0.86

0.69

0.61

0.95
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Figure 7.15.Bar graph of normalized indicators values from the test rides, where ‘1’ is the expert level

The comprehensive assessment of each criterion and overall assessment by the
spider diagrams, where the relevant normalized indicators are mapped, are shown on
Figure 7.16 - Figure 7.19. Moreover, Table 7.3 and Figure 7.20 summarise the normalized
scores of each test driver for all criteria and the overall score.
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Figure 7.16. Spider diagram for safety criterion of short routes (dtr indicator is not distinct due to short
time of the test).

Figure 7.17.Spider diagram for economy criterion of short routes
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Figure 7.18. Spider diagram for comfort criterion of short routes (dtr indicator is not distinct due to short
time of the test)

Figure 7.19.Spider diagram for overall scores (dtr indicator is not distinct due to short time of the test)
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Table 7.3. Drivers’ normalized criterion scores

Criterion Driver A Driver B Driver C Driver D Driver E
NSCS
NECS
NCCS
NOS

0.59
0.66
0.66
0.63

Driver A

0.74
0.83
0.83
0.77

Driver B

0.53
0.58
0.52
0.59

Driver C

0.45
0.48
0.40
0.51

Driver D

Long-route
test
0.63
0.68
0.66
0.64

0.84
0.94
0.92
0.88

Driver E

Long test

1,00
0,90
0,80

Score

0,70
0,60
0,50

0,40
0,30
0,20
0,10
0,00
NSC

NEC

NCC

NO

Figure 7.20. Bar graph of normalized criterion scores from the test rides, where ‘1’ is the expert level

The results of the normalized criterion scores show that Driver E, called calm, has
the closest match to the expert’s driving style map. This is especially the case for economy
NECS and comfort NCCS criteria along with the overall score NOS of values 0.94, 0.92
and 0.88, respectively. The worst scores of all three criteria were of Driver D, who
imitated the behaviour of sick or affected person and obtained only 0.45, 0.48 and 0.40
for safety, economy and comfort criteria respectively, along with an overall score of 0.51.
Driver C, following the aggressive style, significantly deviates from the calm and expert
drivers. However, the ordinary driving of A does not have much better results than
aggressive driving, especially for safety criterion and overall score, which can depict that
his style was at limits of ordinary style. It is worth to notice that in most cases the overall
score NOs averages the other criteria, however in a case when just one indicator especially
differs from the others, the effect of this indicator is reduced in the overall score. It is a
case of Drivers C and D whose jrx are relatively low compared to the other drivers,
nevertheless its effect on the final score is reduced.
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7.3.

Verification

The designed system was verified on the long-route test of 325 km, which
included typical road types. In Figure 7.21, the four-hour trip is mapped from a GPS
tracker. The results included in Table 7.2 and Figure 7.15 show that on the long-route
test, with majority of highways and freeways, the changes of speed (driving dynamic)
measured by the jrx, are less than in an urban environment. One of the lowest scores of
0.70 for the dtr indicator depicts the lack of rest since the assessed driver stopped the car
just one time over a four-hour driving period. Another low score of jrz identifies that the
driver tends to pass over speedbumps or road holes with high speed. The indicators spr
and spdr of 0.85 and 0.67, respectively, show that the driver slightly exceeded
recommended speed limits, but he tended to speed for a longer time. Also, the rsdr value
of 0.78 is lower than the corresponding values from the evaluation tests because driving
on highways and freeways is characterized by high speed causing the excessive rotational
speed.
The low values of dtr and jrz measured during the long-route test greatly affected
the safety and comfort criteria of 0.63 and 0.66, respectively, see Table 7.3. Even the
economy criterion of the long-route test is relatively low. The overall score of this test is
also worse than one would expect. Figure 7.22 shows the spider diagram for the longroute test, which can be used by the driver to analyse his skills and get hints how to
improve his driving style.
The driver did not simulate any certain driving style and was told to behave
naturally. The goal of this final test was to confirm stability of the system and its
applicability for untested route. It can be also concluded that the proposed solution is
verified both for short rides and long-distance trips. System stability and reliability was
also proved.

56

Figure 7.21. The GPS tracker of test route of verification

Figure 7.22.Spider diagram for overall score of long ride

7.4.

Discussion

To validate the proposed assessment method, five test rides were conducted by
different drivers who imitated different driving styles. Additionally, a verification test
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drive has been performed. The experiments provided measurement data and were carried
out in real world scenarios.
The validation results show that the best normalized overall score of driving style,
0.88, was obtained by the Driver E, who imitated the calm driving style. The worst
normalized overall score, 0.51, was obtained by the Driver D who drove unnaturally
imitating the driving style of a sick person. Driver C who was driving aggressively scored
0.59. Drivers A and B were asked to drive naturally, however, their results differentiated
since Driver A obtained poorer results of 0.63, than Driver B who obtained score of 0.77.
The biggest difference of the normalized overall score of 37% is between Driver
E and Driver D, which shows how significantly the applied indicators can vary among
different driving styles. The differences between these two most distinctive drivers are
even greater in terms of normalized safety, economy and comfort criteria scores of 39%,
46% and 52% respectively. Such gap in scores between the drivers proves that the
analysis of driving style is based on very distinguishable measures.
Comparing disparity of different normalized scores of driving quality criteria, one
can see that the biggest diversity among tested driving styles appears for comfort criterion,
52%, while the safety criterion varies least of all (39%, between 45% and 84%).
Furthermore, it is noticeable that all considered driving quality criteria show a bigger
diversity than the normalized overall scores.
Analysis of diversities among the applied indicators show that they vary from 6%
up to 63%. The jrx is the most diversified of all indicators with the extreme values of 0.95
and 0.32 for simulated calm and unusual driving styles, respectively. The least varied
indicator is spr with values between 0.80 achieved by Drivers C and D and 0.88 scored
by Driver E. Therefore, the indicators can be ordered from the most to least sensitive as:
jrx, jry, spdr, jrz, rsdr, rsr, spr.
The proposed embedded system and assessment method were verified on the
long-route test. The normalized overall score of this driving style was assessed for 0.64,
which corresponds to ordinary driving style. Furthermore, all normalized criteria, i.e.,
safety, economy and comfort can be also considered as in ordinary range. Moreover, the
long-route test results show high similarity to the results of Driver A in all considering
criteria. If the dtr, which indicates time of stops for a four-hour driving period, were
better, the normalized overall score of driving style could reach 0.70.
Figures 16 - 19 visualize the multi-variable quantities presented in Figure 7.20 in
a clear and legible way. Moreover, the graphical approach facilitates a comparison of the
driver’s score with an expert one, with other drivers and even with previous scores of the
same driver. Therefore, among other application fields, the designed system could be used
by insurance or rental companies for awarding discounts to drivers of preferable driving
styles. The proposed assessment approach can be even customized to different needs and
applications.
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8.

Conclusions and future work

A system assessing driving style was designed and developed according to the
IoT concept and basing on the User-Centred Design. State-of-the art of the driving style
assessment including their indicators and classification methods was researched and
reported. The goals of the system and conditions under which it is to be used were
analysed in order to define functional and non-functional requirements. The system was
designed to comply with those requirements.
Three driving style evaluation criteria are proposed: safety, economy and comfort.
Basing on the literature, the crucial parameters that affect those criteria are described. In
order to satisfy the basic UCD requirement – applicability to wide variety of vehicles –
an availability of those parameters was examined. Only these parameters, which could be
acquired in a unified and reliable way are used in the project. The final set of parameters
consists of: speed and speed limits, engine uptime, RPM and accelerations in all three
axes.
The system’s architecture is based on the IoT concept and includes four layers –
sensing-, network-, application- and business-layer. The data from the accelerometer,
CAN interface and GPS module are acquired by the OMCU device and sent to the server
using GPRS module. The measurement data are analysed, and the driver’s assessment is
concluded.
To assess safety, economy and comfort criteria, eight indicators are proposed: deand accelerating, bumping, cornering, driving without rest, car speeding, car speeding
duration, excessive engine rotational speed and excessive engine rotational speed
duration ratios. To visualize a multidimensional problem of driving style assessment, the
spider diagram approach is used. From the diagram, the final comprehensive evaluation
scores derive.
The proposed system was implemented and tested. The main system unit - an
embedded OMCU device – consists of a Raspberry Pi 3 connected to additional modules.
The data acquisition is bases on data from the diagnostic port – OBD-II, along with an
accelerometer and GPS module. The measurement results are sent to the server using
GPRS module, and then analysed using a MATLAB application. The processed data are
filtered and synchronised, before the driver’s evaluation scores can be estimated.
The system prototype was validated experimentally in real world scenarios. The
applied scenarios include typical road situations and different dynamics. The test included
monitoring of accelerating, braking, cornering and bumping. The test results confirmed
that proposed solution distinguishes different driving styles. The experiments conducted
by five drivers on short-routes proved that it is possible to differentiate and assess the
person’s driving style in terms of safety, economy and comfort criteria. The final
verification was performed on the long-route test of 325 km, including typical types of
roads This test proved system robustness and usability.
The quantitative assessment of driving style based on criterion and overall score
visualization using a spider diagram approach can be easily customized by users
according to their application requirements. It can be easily adjusted to suit the needs of
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insurance, car rental or logistic companies, public transport, driving schools or personal
usage.
The presented solution can be extended by implementing big-data statistical
methods with a representative database of drivers and corresponding driving styles. Along
with statistical analysis, an automatic data visualization engine can be developed and
applied. Such solution will allow visualization of the driver’s assessment in the broader
context. This feature could be especially desired by analysts and managers and may be
used for business decisions. The proposed approach could be complemented by
recognition of drivers’ hazardous behaviours.
The presented OMCU could be supplemented with additional vision and noise
sensors to monitor the external driving conditions such as weather, road conditions.
Furthermore, using other parameters from the car’s on-board computer e.g. acceleration
pedal position or belt fastening would extend system functionalities. The newer version
of the system should offer real-time assessment option, and only the final results should
be sent to the server.
A fairly straightforward customization of the system to other vehicles such as
trains, trams and busses would extend its application field.
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