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Abbreviations 
 

Abbreviation Meaning 

PMS Pavement Management System 

AMS Asset Management System 

KPI Key Performance Indicator 

IRI International Roughness Index 

WLP Weighted Longitudinal Profile 

NBO bƻǘŜǎ ǇŀǊ .ŀƴŘŜǎ ŘΩhƴŘŜǎ όάǎŎƻǊŜǎ ōȅ ǿŀǾŜƭŜƴƎǘƘ ōŀƴŘǿƛŘǘƘǎέύ 

EC Evenness Coefficient 

PSD Power Spectral Density 

TRIMM TomorrowΩs Road Infrastructure Monitoring and Management  

SVM Support Vector Machine 

SVR Support Vector Regression 

 

 

 

Definitions 

 

Term Definition 

rms 
Acceleration derived from accelerations measured by the smartphone app of 
VTI along all three axes x, y and z. 

CAN Bus 

{ǘŀƴŘǎ ŦƻǊ άŎƻƴǘǊƻƭƭŜǊ ŀǊŜŀ ƴŜǘǿƻǊƪέΦ Communication device on board of 
ordinary vehicles (cars, lorries, Χύ ǘƘǊƻǳƎƘ ǿƘƛŎƘ Řŀǘŀ ŀǊŜ ŜȄŎƘŀƴƎŜŘ (in the 
form of messages) between different components of the electronic systems of 
the vehicle. In particular, data gathered by any sensor in the vehicle are 
transmitted over the CAN Bus to microcontrollers. 
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Executive Summary 
Within TRIMM, new monitoring techniques for roads and bridges are being developed with the 
objective of improving short and long term managing and maintenance strategies. This report 
(TRIMM deliverable D4.4) is the result of the work within Task 4.5 dedicated to the monitoring 
techniques that collect information about the user related functionality of the road network  

Currently, road administrators collect technical data that are used at several levels in the decision 
making processes for the planning and preparations of road works. Usually these technical data are 
collected with dedicated high cost άƘƛƎƘ-ǘŜŎƘέ ƳƻƴƛǘƻǊƛƴƎ ŘŜǾƛŎŜǎΦ  

The aim of this work is to enhance the ability to monitor road functionality by making real-time low 
cost ride quality measurements with probe vehicles and to provide a Key performance Indicator (KPI) 
for high level asset management, that is for strategic decision making, support on planning of a 
global policy, but not the technical details needed for the preparation of a tender for particular road 
works on a particular road section. 

The goal of this work is therefore:  

1. ¢ƻ ŘŜƭƛǾŜǊ ŀ YtL ŎƻƳǇǳǘŜŘ ŦǊƻƳ ǇǊƻōŜ ǾŜƘƛŎƭŜ Řŀǘŀ ǘƘŀǘ ŜȄǇǊŜǎǎŜǎ άǊƛŘŜ ŎƻƳŦƻǊǘέ όǎŜŜƴ ŀǎ ŀ 
consequence of longitudinal unevenness) in a number on a scale. 

2. To look for an indication that thŜ YtL ǊŜŀƭƭȅ ŜȄǇǊŜǎǎŜǎ άǊƛŘŜ ŎƻƳŦƻǊǘέΣ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƻ ǘƘŜ 
answers of the passengers in the trials. 

3. ¢ƻ ƭƻƻƪ ŦƻǊ ǎƻƳŜ ǇƻǎǎƛōƭŜ ŎƻǊǊŜƭŀǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ YtL ŀƴŘ ǘƘŜ άǘǊŀŘƛǘƛƻƴŀƭέ ǘŜŎƘƴƛŎŀƭ 
indicators which are said to express comfort (or safety). 

The work has equipped several standard vehicles with equipment that allows ride quality to be 
assessed without the need to install specialised high-tech sensors. The approach draws on the use of 
measurements provided on the vehicle CAN Bus and on data provided by smartphones. Test drives 
have then been carried out with these vehicles and data collected from these devices. In addition the 
work has asked passengers about their opinions on the quality of the roads that was driven over. The 
recorded data has been assessed and the work carried out to identify a potential KPI that can be 
obtained from the data. 

 The first and main result of this work is the definition of a simplified ƛƴŘƛŎŀǘƻǊ ŦƻǊ άǊƛŘŜ ŎƻƳŦƻǊǘέ ŀǎ ŀ 
consequence of longitudinal unevenness, ŘŜǘŜǊƳƛƴŜŘ ōȅ ŜǎǘƛƳŀǘƛƴƎ άǿŜƛƎƘǘŜŘ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŦƛƭŜέ 
indicators from the CAN Bus data of the test cars. It has been shown that it is possible to obtain 
sufficiently good results for exploitation in the near future. The results show that poor ride quality 
can be accurately detected, although some erroneous classifications were observed on roads with 
medium evenness. However, the estimator was found to be accurate for very rough and very smooth 
road sections. It can be concluded that ride quality of roads can be more than adequately  evaluated 
by using a probe vehicle approach.  

Thus, the proposed method enables road network monitoring to be achieved using conventional 
passenger cars, which can be seen as a supplement to prevalent road measurements with high-tech 
devices. The added information can be used to provide a performance index for high level asset 
management for strategic decision making or support on planning of a global policy. The information 
is not recommended for the preparation of a tender for particular road works on a particular road 
section and there are some limitations that are worthy of note. For example, CAN Bus data are not 
always available due to restrictions from the car manufacturers and the presented method was 
developed for use in sports utility vehicles (SUVs). Future work must include the collection and 
processing of data from different probe vehicles as well as improved algorithms to reduce the 
quantity of probe vehicle data types used for processing.  
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The second result of this work is the analysis of the feasibility to use smartphones to collect condition 
data. The observations indicated that this is a promising technique. However, many factors influence 
the performance of the approach (e.g. technical capability of the GPS and the accelerometers inside 
the smartphone). Wider scale application in cars will require deeper insight into the data, its 
collection, storage and distribution before putting it into practice.  Alternatively, the application to a 
limited fleet of known vehicles with standardised smartphones could be put in practice. 
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1 LƴǘǊƻŘǳŎǘƛƻƴ 
Currently, road administrators collect technical data that are used at several levels in the decision 
making processes for the management of a road network and the planning and preparation of road 
works. Usually these technical data are collected by ŘŜŘƛŎŀǘŜŘ άƘƛƎƘ-ǘŜŎƘέ monitoring devices. 

The technical data collected on a regular (e.g. yearly) basis over the whole road network are used to 
support the management of the road asset. It supports decision making on the prioritisation of road 
works and to evaluate whether management level objectives are being reached. In particular, one of 
the main objectives of a road manager is to ensure that the road provides a good service to the road 
user, which is sometimes referred to as an adequate level of road functionality (for a discussion on 
pavement performance assessment and stakeholders needs, we refer to [45]). One element of the 
quality of the service provided to the road user is the ride quality, or the road evenness when 
expressed in a road-technical manner. In order to evaluate the ride quality, the road manager needs 
to have a performance indicator (PI) expressing this property in a simple and relevant way (e.g. on a 
scale without units). Ideally, the KPI should be monitored in an objective way and, as correctly as 
possible, express the ride quality as the user would evaluate it. 

Currently, road administrators rely on the data collected, typically annually, by ŘŜŘƛŎŀǘŜŘ άƘƛƎƘ-ǘŜŎƘέ 
measurement devices. However, ride quality can decrease at any time during the year. Increasing the 
number of surveys on the network undertaken by άƘƛƎƘ-ǘŜŎƘέ ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜǎ is not a 
reasonable option: these devices are rare, the measurements are expensive, the operators are highly 
skilled, the technical data are richer in information than needed for this performance evaluation, and 
the road network is too large for a weekly or daily survey. This report discusses new measurement 
techniques considered in the TRIMM project with the potential to provide this information on a more 
frequent basis at a reasonable cost. The exploitation for asset management of the indicators 
generated by the measurement techniques is presented in the series of TRIMM deliverables 2.x. The 
work on the CAN Bus data performed in Task 4.5 is also being presented in October 2014 at an 
Australian conference [26]. 

1.1 Ride Quality: description of what will be the addressed   
wƛŘŜ ǉǳŀƭƛǘȅ ƛǎ ƎŜƴŜǊŀƭƭȅ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ǇŜǊŎŜǇǘƛƻƴ ƻŦ ŀ ǊƻŀŘ ǳǎŜǊΩǎ ŘǊƛǾƛƴƎ ŜȄǇŜǊƛŜƴŎŜΣ ǿƘƛŎƘ ƛǎ 
influenced by numerous factors such as pavement unevenness (e.g. vibration, shock), road 
alignment, and noise in the car, lack of friction and light conditions. However, the ride quality 
addressed in this work will be limited to the presence of general roughness (uneǾŜƴƴŜǎǎ ǿƛǘƘ άƭƻƴƎ 
ǿŀǾŜƭŜƴƎǘƘέύ ŀƴŘ ƭƻŎŀƭƛȊŜŘ ǳƴŜǾŜƴƴŜǎǎ όǳƴŜǾŜƴƴŜǎǎ ǿƛǘƘ άǎƘƻǊǘ ǿŀǾŜƭŜƴƎǘƘέύΦ  

The aim of this work is to enhance the ability to monitor road functionality by making real-time ride 
quality measurements with probe vehicles, and to use this to provide a KPI for high level asset 
management that is suitable for strategic decision making and to support planning of a global policy. 
We will not attempt to apply the method at the level of technical detail needed for the preparation 
of a tender for particular road works on a particular road section.  

The work has studied Ƙƻǿ ǘƻ ŎƻƳǇƭŜƳŜƴǘ ǘƻŘŀȅΩǎ ǊƻŀŘ ƳƻƴƛǘƻǊƛƴƎ ŘƻƴŜ ōȅ ŘŜŘƛŎŀǘŜŘ άƘƛƎƘ ǘŜŎƘέ 
measurement devices with extra information gathered on a regular basis and on a large scale with a 
fleet of άprobe vehiclesέ. ¢ƘŜ ŜǾŀƭǳŀǘƛƻƴ ǿƛǘƘ ǘƘŜǎŜ ƴŜǿ άƳŜŀǎǳǊŜƳŜƴǘ ǘŜŎƘƴƛǉǳŜǎέ ǎƘƻǳƭŘ 
correspond to the ride quality as it is experienced by road users. 

Probe ǾŜƘƛŎƭŜǎ ŀǊŜ ǾŜƘƛŎƭŜǎ ǘƘŀǘ ƎŜƴŜǊŀǘŜ άǇǊƻōŜ dataέ including their current position, motion, and 
time stamp. Probe data also includes additional data elements provided by vehicles that have added 
intelligence to detect vehicle dynamics, brake status, hard braking, flat tire, activation of emergency 
lights, anti-lock brake status, air bag deployment status, windshield wiper status, etc. Probe data 
ŦǊƻƳ ǾŜƘƛŎƭŜǎ Ƴŀȅ ōŜ ƎŜƴŜǊŀǘŜŘ ōȅ ŘŜǾƛŎŜǎ ƛƴǘŜƎǊŀǘŜŘ ǿƛǘƘ ǘƘŜ ǾŜƘƛŎƭŜǎΩ ŎƻƳǇǳǘŜǊǎΣ ƻǊ ƴƻƳŀŘic 
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devices brought in to the vehicles. Probe data does not include data that have been derived outside 
of the vehicle, even if these data were aggregated from data generated by vehicles. For example, 
travel times that are derived from position and motion data are not classified as probe data. 

The probe vehicles under consideration in TRIMM are ordinary, commercial cars and lorries. The 
measurements are made during day to day driving activities, as they are carried out by ordinary 
drivers. The measurements are performed by sensors that are already included in the equipment of 
the vehicles (e.g. by extracting data already available on the CAN Bus in the vehicle). Alternatively, 
data can be sourced from sensors present in the vehicle, but not physically installed. For example, 
smartphones currently include many sensors that can be logged using a suitable application installed 
on the smartphone. By monitoring the experience of the smartphone sensors during a journey we 
can gain knowledge of the experience of the vehicle. However, as the smartphone is not 
permanently and carefully installed, there is risk of a lower level of agreement between the 
smartphone data and the actual ride quality. 

The road users will have different driving experiences depending on the vehicle in which they are 
travellingΦ ¢ƘŜ άǊƛŘŜ ŎƻƳŦƻǊǘέ ŘƻŜǎ ƴƻǘ ƻƴƭȅ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ǊƻŀŘ ŎƻƴŘƛǘƛƻƴ ōǳǘ ŀƭǎƻ ƻƴ ǘƘŜ ǾŜƘƛŎƭŜǎ 
(e.g. their suspension). The road users sitting in the front or at the back of the car (or right on top of 
the back axle of a van) will have different experiences as well. Both aspects are not considered in this 
work. 

In summary, the goal of this work is:  

1. To review the status of probe vehicle technologies for providing more up to date information 

on ride quality than ŀŎƘƛŜǾŀōƭŜ ǿƛǘƘ ŎǳǊǊŜƴǘ άƘƛƎƘ ǘŜŎƘέ ǎǳǊǾŜȅǎΦ 

2. Using sample probe vehicle data (e.g. from CAN Bus and/or smartphones), identify and 

ŘŜƭƛǾŜǊ ŀ YtL ŎƻƳǇǳǘŜŘ ŦǊƻƳ ǇǊƻōŜ ǾŜƘƛŎƭŜ Řŀǘŀ ǘƘŀǘ ŜȄǇǊŜǎǎŜǎ άǊƛŘŜ ŎƻƳŦƻǊǘέ όǎŜŜƴ ŀǎ ŀ 

consequence of longitudinal unevenness) in a number on a scale. 

3. To look for an indication ǘƘŀǘ ǘƘŜ YtL ǊŜŀƭƭȅ ŜȄǇǊŜǎǎŜǎ άǊƛŘŜ ŎƻƳŦƻǊǘέΣ ǿƘŜƴ ŎƻƳǇŀǊed to the 

opinions of the passengers in the trials. 

4. ¢ƻ ƭƻƻƪ ŦƻǊ ǎƻƳŜ ǇƻǎǎƛōƭŜ ŎƻǊǊŜƭŀǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ YtL ŀƴŘ ǘƘŜ άǘǊŀŘƛǘƛƻƴŀƭέ ǘŜŎƘƴƛŎŀƭ 

indicators of which it is said that they express comfort (or safety). 

 
The significance of this work lies in potential for evaluating and interpreting CAN Bus and 
smartphone data: can we exploit the collected data to deliver a relevant KPI for road asset 
management? In the case of CAN Bus data, we can immediately address the interpretation whereas 
for the smartphone application we first must evaluate the accuracy of the collection of data (i.e. 
repeatability and reproducibility). 

1.2 State-of-the-art   
A number of previous studies have been performed worldwide on the probe vehicle approach. The 
work in Task 4.5 of TRIMM builds on several of these results. Here we give an overview of the 
projects and publications related to the topic addressed in this Task.  

1.2.1 National and European developments  

 

European projects 

INTRO 

Intelligent Roads (INTRO, EC FP6 project, finished in 2008Σ ǎŜŜ ŘŜƭƛǾŜǊŀōƭŜ 5оΦм άŘŜƳƻƴǎǘǊŀǘƛƻƴ ƻŦ 
ƳŜǘƘƻŘǎ ŦƻǊ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŎƻƴŘƛǘƛƻƴ ǳǎƛƴƎ ǇǊƻōŜ ǾŜƘƛŎƭŜǎέύ.  
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Modern production vehicles are equipped with many sensors to assist in the operation and 
performance of the vehicle. The majority of modern vehicles share data across different parts of the 
ǾŜƘƛŎƭŜ ǳǎƛƴƎ ǘƘŜ ά/ƻƴǘǊƻƭ !ǊŜŀ bŜǘǿƻǊƪέ ό/!b or CAN Bus). This CAN Bus is a communication bus 
and does not store any data. However, some of the data could also be used for real-time assessment 
or could be stored for offline assessment of pavement condition. The INTRO project held a few trials 
with probe vehicles (cars and a bus) in Sweden and in the UK. In all cases a data acquisition unit was 
connected to the CAN Bus. It was observed that in urban areas the repeatability of the result was not 
very good, whereas on rural roads the repeatability was good. This is probably due to all kinds of 
hindrance and particularities on the route resulting in different behaviour of the driver of the vehicle. 
For example, driving through a pothole results both in longitudinal and vertical accelerations. But it 
may be that drivers would more easily avoid driving through potholes in urban areas, which instead 
results in more lateral accelerations due to the evasion manoeuvring of the driver. It was 
demonstrated that some relationship between poor surface condition and irregularities in CAN Bus 
Řŀǘŀ ŜȄƛǎǘǎΦ  Lƴ ǘƘŜ ¦Y ǘǊƛŀƭΣ ǎǘǊƻƴƎ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ŦƻǳƴŘ ōŜǘǿŜŜƴ ǎǇŜŜŘ ŘŜǾƛŀǘƛƻƴǎ ŀƴŘ ά9ƴƘŀƴŎŜŘ 
[ƻƴƎƛǘǳŘƛƴŀƭ tǊƻŦƛƭŜ ±ŀǊƛŀƴŎŜέ ό9[t±ύΦ 

The INTRO project therefore demonstrated that data provided by standard passenger cars (called 
άǇǊƻōŜ ǾŜƘƛŎƭŜǎέύ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ƭƻŎŀǘƛƻƴǎ ǿƛǘƘ ǇƻƻǊ ǊƛŘŜ ǉǳŀƭƛǘȅ όǊŜƭŀǘŜŘ ǘƻ ǳƴŜǾŜƴƴŜǎǎύΣ 
ōǳǘ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŜ ǇǊƻōƭŜƳǎ ǿƛǘƘ άƴƻƛǎŜέ ƛƴ ǘƘŜ Řŀǘŀ ǘƘŀǘ ǊŜŘǳŎŜŘ ƛǘǎ ǊƻōǳǎǘƴŜǎǎ ώмϐΦ Also, vertical 
acceleration was missing from the probe vehicles (CAN Bus data) in the INTRO project. The variation 
in vertical acceleration would probably give a better indication of surface defects than longitudinal or 
lateral acceleration. INTRO recommended: 

¶ Add vertical acceleration sensor to the probe vehicles (Active Suspension Control needs 
vertical acceleration information and therefore data will be available in some vehicles). 

¶ Try to improve the quality of the information gathered by exploiting the data of a high 
number of passes of probe vehicles at the same locations. 

Mobi-Roma  

Mobile Observation Methods for Road Maintenance Assessments (Mobi-Roma, 2010-2012, 
ENR project, cf. [2]): The project aimed to develop an approach exploiting CAN Bus data in order to 
complement measurements obtained with dedicated survey devices. The project built on experience 
ƎŀƛƴŜŘ ƛƴ ǘƘŜ CƛƴƛǎƘ ǇǊƻƧŜŎǘ ά/ƻƭŘ{Ǉƻǘǎέ όнллр-2007, cf. [29]) and the European FP7 project 
άwh!5L59!έ όнллт-2010, cf. [28]). In addition, the 9ǳǊƻǇŜŀƴ ǇǊƻƧŜŎǘ ϦDŀƭƛƭŜƻ/ŀǎǘέ όнллф-2010) which 
studied the completion of the field data with GNSS position data from the Galileo satellite service. 
The collected data help predicting slipperiness of roads under severe weather conditions. These 
projects aimed at the collection of other kinds of data, but we mention them since they proposed the 
use of simple sensors on a fleet of ordinary vehicles. Also the use of an accelerometer of a 
smartphone for the determination of slipperiness of the road is reported in [3].  

In the Mobi-Roma project, the objective was to bring together the data collected in the different 
projects and to present them in a graphical user interface. This included the use of CAN Bus data for 
evaluation of road surface condition (roughness, cracks and holes) combined with data from an 
additional optical sensor for the evaluation of winter road condition. For the road condition, the IRI 
was the basic indicator and the CAN Bus data was used to evaluate variation in the road surface 
condition. 

Projects in Sweden 

BiFi project 

In this project an accelerometer was placed in a lorry and the measured vibrations were studied as a 
potential indicator for the bearing capacity of the road structure (2010-2012). It must be noted that 
the response of a lorry is quite different from the response of a private car and that the response of 
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different car types is also different. Hence, the same road surface will have different effects on each 
vehicle and the measurement data from a fleet will therefore represent different responses for 
different vehicles (cf. [4]). 

University of Linköping 

At the University of Linköping a study was conducted on the road roughness estimated using 
available vehicle sensors (cf. [20]). Road conditions affect fuel efficiency and vehicle fatigue when 
driving heavy trucks. Information about the road condition enables optimization of chassis 
configuration when driving, and logging of vehicle stress. Previous work on this topic focuses mainly 
on tuning of active suspension parameters in the car industry. One conceivable application for heavy 
trucks is implementation of active chassis level control based on road conditions, with possible 
improvements in driving economy as result. Another is logging of usage conditions which helps 
explain vehicle faults caused by abnormal wear. This work examines the possibilities to use existing 
vehicle sensors for road roughness estimation. It also investigates what requirements existing signals 
must fulfil to ensure reliable estimates. Two methods for road roughness estimation were proposed 
using a rear axle level sensor and a simple linear suspension system model. 

Smartphone app to measure bicycle paths 

In another project at VTI in Sweden a smartphone application to be used to monitor cycle path 
condition has been developed and tested. The VTI app was originally developed to be tested on 
roads. It uses the smartphoneΩs three-axis accelerometer, the GPS position and camera to collect 
data. The evenness data is derived from the resultant of the three axes and a virtual corrected 
coordinate system so that the effect of variable mounting of the phone is minimised. Further, the 
longitudinal acc/deceleration can be compensated by a settable parameter. In a comparative test 
with bicycle riders it was found that the result from the VTI app correlated well with the rider's 
opinions (cf. [43]). First test results obtained by VTI with an application for a smartphone in a vehicle 
were presented in report [24]. In this report, ǘƘŜ ά±¢L-ŀǇǇέ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ŀƴŘ its ability 
to evaluate the unevenness of the road it was studied. In the frame of Task 4.5. of TRIMM, we made 
ŦǳǊǘƘŜǊ ǳǎŜ ƻŦ ǘƘƛǎ άŀǇǇέΣ ŀǎ ǿƛƭƭ ōŜ ŘŜǎŎǊƛōŜŘ later in this document. 

Projects in Austria 

Eben-WLP 

The Planograph, which is currently used for new work approval of evenness on Austrian motorways, 
neglects many important unevenness phenomena. In contrast, the weighted longitudinal profile 
(WLP) indicator is able to rate these phenomena adequately. The project Eben-WLP (2011-2013) 
analysed the consequences of a possible change of the new work approval method from the 
Planograph to WLP. Recommendations for the introduction and its impact on asset management can 
be derived from direct comparison of the two methods. 

Further investigations on the Weighted Longitudinal Profile indicator 

The goal of this research project was the adaptation of the WLP for incorporation into the Austrian 
road regulations (RVS). Due to the participation in the steering committee of the German research 
project on WLP that was carried out in parallel, extensive exchange of ideas with the German 
research group as well as their grantor was ensured. Thanks to extensive work in the responsible 
working group of CEN, an official assignment for inclusion of the calculation method of the weighted 
longitudinal profile into EN 13036-5 could be achieved, which also includes a reference 
implementation.  

Nitsche et al. [25] presents work on the roughness of a road pavement that affects safety, ride 
comfort and road durability. As indicated earlier, a useful indicator for evaluating roughness is the 
weighted longitudinal profile (WLP, cf. [12]) and this has already been studied for application in 
Austria as presented in [13]. In reference [25] three machine learning models are compared for 
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estimating the WLP from vehicle response information, i.e. accelerometer and wheel speed data 
collected from common in-vehicle sensors. The three models, an artificial neural network, a support 
vector machine (SVM) and a random forest approach were applied for testing their effectiveness in 
estimating the key indices of WLP, namely range and standard deviation. These three different 
supervised learning models were trained from a set of features extracted from vehicle response 
simulations on accurate replications of roads with various roughness problems. In contrast to other 
research, the models were validated with measurements collected with a probe vehicle. The results 
show that roughness phenomena can be actually detected. The SVM approach produced the best 
results, although all the models achieved rather similar performance. However, differences were 
found regarding the model robustness when reducing the size of the training feature set. The 
proposed method enables road network monitoring to be achieved by conventional passenger cars, 
which can be seen as a practical supplement to the prevalent road measurements with cost-intensive 
mobile devices. These results are the basis of further investigations made in the frame of Task 4.5. of 
TRIMM, as described further in this document. 

Project in Belgium 

SENSOVO 

In the SENSOVO projŜŎǘ όάǎŜƴǎƻǊŜƴ ƻǇ ǾƻŜǊǘǳƛƎŜƴέ ς άǎŜƴǎƻǊǎ ƻƴ ǾŜƘƛŎƭŜǎέ, cf. [32]) running from 
March 2013 till September 2014, the question addressed is whether the quality of the road surface 
can be evaluated using data extracted from the CAN Bus and complemented using smartphone 
information, or from images taken with a Time-of-Flight (ToF) camera and a simple GPS device, and 
under which conditions can this be used όŜΦƎΦ ŀǘ ǿƘŀǘ ǎǇŜŜŘΣ ǳƴŘŜǊ ǿƘƛŎƘ ǿŜŀǘƘŜǊ ŎƻƴŘƛǘƛƻƴǎΣΧύΦ ¢ƘŜ 
project concentrated mainly on measuring the slipperiness of the road surface (due to water on the 
road after or during rainfall) and on potholes and has evaluated if cracking and ravelling can also be 
detected with the camera. Whereas CAN Bus data can potentially be extracted from any vehicle, the 
ToF camera approach would need a fleet of vehicles to be equipped with a set of cameras. Both 
technologies have low investment costs and can complement the data of road managers for asset 
management. The approach also aimed to show the possibility that users could be informed rapidly 
about potentially hazardous situations. 

Other 

In other projects several iPhone and Android applications are available or under development where 
the accelerations in three axes are registered, together with GPS location and images taken by the 
camera of the smartphone. The driver simply has to position the smartphone at a particular place 
and orientation in front of the windshield of the car and then has to launch the application. An 
ŜȄŀƳǇƭŜ ƻŦ ǘƘƛǎ ƛǎ ǘƘŜ άǎƳŀǊǘǇƘƻƴŜ ǇǊƻƧŜŎǘέ ƳŜƴǘƛƻƴŜŘ ƛƴ ώ5].  

In paper [6] the horizontal and vertical accelerations measured with a smartphone have been filtered 
and interpreted in order to detect potholes when a car drives through them. The results aimed at a 
proof-of-concept of the approach.  

In paper [27] information from integrated devices in trucks has been used for detection of icy 
slippery roads in real time. Meanwhile this technique is being further developed and is allegedly 
ready to be put in practice. 

1.2.2 Initiatives outside Europe 

Studies related to the topic of Task 4.5 of TRIMM are being performed Outside Europe as well. In 
paper [21] the 3-dimensional accelerometer data from a smartphone mounted on a vehicle 
dashboard have been ǳǎŜŘ ŦƻǊ άōǳƳǇ ŘŜǘŜŎǘƛƻƴέΦ 

Paper [22] considers monitoring road and traffic conditions in cities of the developing regions, where 
this tends to be much more complex owing to varied road conditions (e.g., potholed roads), chaotic 
traffic (e.g., a lot of braking and honking), and a heterogeneous mix of vehicles (2-wheelers, 3-
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wheelers, cars, buses, etc.). The focus of this work is specifically on the sensing component, which 
uses the accelerometer, microphone, GSM radio, and/or GPS sensors in these phones to detect 
potholes, bumps, braking, and honking. 

1.2.3 Discussion of current state-of-the-art 

From the literature review we can conclude that the general idea of the use of a vehicle fleet for data 
collection using CAN Bus data or a smartphone app, is well-accepted as promising and feasible. 
However, applications for pavement condition assessment for pavement management are still 
missing. Collecting data is no longer an issue, but quality control of the data, (lack of) uniformity in 
the formats of available data (in the case of CAN Bus data), and interpretation or exploitation of 
collected data so that they become meaningful for use in pavement management systems, are still 
hurdles to take. 

1.3 Strategic Position for the Application of Fleet Monitoring   
The approach of data collection by a fleet of vehicles equipped with existing or additional and 
preferable low-cost sensors is different from the use of a small number of dedicated and expensive 
άƘƛƎƘ ǘŜŎƘέ measurement devices. Here we discuss the particularities of fleet monitoring, regardless 
of whether the data come from the CAN Busses of normal vehicles or from a smartphone app. This 
also was the basis for information exchanged with the partners involved in Work Package 2 of 
TRIMM. 

Why collecting all these data? 

The data collected by a fleet of vehicles could be used for several purposes but the purpose 
determines: 

¶ ²ƘŜǘƘŜǊ ǘƘŜ Řŀǘŀ Ƴǳǎǘ ōŜ ŀǾŀƛƭŀōƭŜ ƛƴ όƴŜŀǊύ άǊŜŀƭ-ǘƛƳŜέ ƻǊ Ŏŀƴ ōŜ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǎǘƻǊŜŘ, for 
example on a daily or weekly basis, 

¶ Whether the data must be interpreted immediately (in the vehicle, on the fly) or after post-
processing (on a large number of data, maybe using data mining techniques). 

Purposes can include: 

¶ Network condition monitoring with high frequency (e.g. daily, hourly or even continuously)  
for long term planning, 

¶ Performance control of road (maintenance) works executed by contractors, 

¶ Generation of an alert in case of some defect that has to be repaired within as short time 
period e.g. 24 hours. 

For instance, in Sweden potholes are not at all tolerated on the road: if a pothole is detected it 
should be repaired within 24 hours. To detect potholes, and other rapidly developing dangerous 
defects (due to surface characteristics), is the primary area for real-time probe support detection. In 
this case the advantage of fleet probing is clear: the fleet will almost constantly monitor the whole 
network, and on a relatively frequent basis. For instance, the fleet could detect deterioration of 
longitudinal evenness over time and help to orient the measurements with a dedicated high tech 
survey  vehicle. The effect could be that the specialised survey vehicle no longer has to be used for 
network monitoring. It also implies that the data do ƴƻǘ ƘŀǾŜ ǘƻ ōŜ ŀǾŀƛƭŀōƭŜ άƻƴ ǘƘŜ Ŧƭȅέ ŀƴŘ ǘƘŀǘ 
some post-processing can be executed on the data in a central database. 

As different purposes will give rise to different scenarios, each scenario will have its own 
requirements and will present particular challenges. These challenges can be the need for different 

¶ communication technology between the fleet vehicle and its environment 
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¶ data storage and management 

¶ interpretation and translation of the data in exploitable information. 

The first question is which data are needed for the different objectives? An alarm function need only 
warn about the existence of a pothole from a certain size onward (e.g. the minimal size that 
provokes danger to the road users), the exact dimensions of the pothole may be irrelevant and thus 
the monitoring system must only report on the existence ƻŦ άǎǳŦŦƛŎƛŜƴǘƭȅ ƭŀǊƎŜέ ǇƻǘƘƻƭŜǎ. For the 
deterioration of longitudinal evenness over time, it is not sufficient to measure only the existence of 
unevenness: the evenness must be quantified with sufficient precision in order to see its evolution 
after it occurs. 

1.3.1 Advantages of Fleet Probing 

The particularity of fleet probing consists of the use of standard built-in sensors that already produce 
data for some other purpose than road monitoring. The standard built-in sensors are not calibrated 
ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ άŜȄŀŎǘ ŘŀǘŀέΣ ŀǎ ƛƴ ǘƘŜ ŎŀǎŜ ƻf the highly precise dedicated survey vehicles.  The 
precision of the data delivered by fleet probing cars may not be very high. On the other hand, the use 
ƻŦ ŀ ǿƘƻƭŜ ŦƭŜŜǘ ƻŦ ǇǊƻōƛƴƎ ŎŀǊǎ ǇƻǘŜƴǘƛŀƭƭȅ άŀŘŘǎέ ǉǳŀƭƛǘȅ ǘƻ ǘƘŜ ƛƴŦƻǊƳŀǘƛƻƴ due to the potential for 
many repeat measurements over the same location, in contrast to a single annual survey.  

Only a few of the data on the CAN Bus of a standard vehicle are available in a standard format. For 
most of the data on the CAN Bus, the format in which they appear is dependent on the brand of the 
car and may even be different for different models made by the same car manufacturer. However, 
with the help of car manufacturers it should be possible to add or modify standard built-in sensors so 
that they could perform in an optimal way for road monitoring. For this to happen, a business case 
must be made. Some of the objectives of Task 4.5 are directly related to the question of how car 
manufacturers and road managers can find a common roadmap to an industrially successful 
implementation of fleet probing for road network management. 

The use of a fleet of probe vehicles makes it possible to have a very high frequency of monitoring 
passages over a particular length of road (e.g. daily), much more often than the number of passages 
(e.g. once every other year) with dedicated, highly sophisticated monitoring devices. In this way, fleet 
probing can be considered as relatively instant, real-time monitoring. The bottleneck in fleet probing 
is rather the communication of the information to the road manager and the treatment and 
interpretation of the data collected by the whole fleet on a large road network. 

Dedicated survey vehicles generally are very expensive and need highly qualified operators. Typically, 
these devices are rare and they survey a whole road network with a low frequency (once every 1 to 3 
years). The measurement equipment needs regular maintenance. Measurements are of high quality 
and great precision, as a result of rigorous calibration procedures. This makes road condition 
monitoring costly. This type of condition monitoring cannot be repeated at high frequency. Also, the 
dedicated survey vehicles cannot cover all types of roads. Usually they are only used on the main 
roads and on motorways. 

Two approaches may occur for a fleet of probe vehicles: 

¶ A fleet of ordinary vehicles is equipped with cheap measurement devices that are not 
calibrated before a measurement campaign. These devices are meant for collecting 
information used by microcontrollers that are part of the vehicle. However, this information 
is then collected for other than the original purposes. An example of this situation is the 
extraction of data from a CAN Bus of a vehicle for use in road management. 

¶ ¢ƘŜ ŦƭŜŜǘ ŎƻǳƭŘ ŀƭǎƻ ōŜ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ άōƭŀŎƪ ōƻȄέ ŎƻƴǘŀƛƴƛƴƎ ǎƻƳŜ ƛƴŜȄǇŜƴǎƛǾŜ 
sensory device that needs to be calibrated before measurements can take place. This for 
example is the case of an AIT smartphone application (not used in the frame of the TRIMM 
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project) where the smartphone must be calibrated in order to avoid offsets or incorrect 
accelerometer readings. 

In the first case, the fleet could consist of any commercial vehicle of any ordinary road user. In the 
second case, the easiest way of implementing this approach would probably be to equip an existing 
fleet (for example, taxis in a city, lorries of a courier service company).  

These approaches do not require highly qualified operators or expensive maintenance. Since a (large) 
fleet of vehicles is used, the road network can be monitored with a very high frequency. More than 
one vehicle can pass over the same road section in a short interval of time. However, the precision of 
the measurements with an individual fleet vehicle is likely to be of a lower quality than in the case of 
the dedicated survey vehicle. Also, the data collected consecutively by two different vehicles will 
show local variations by temporarily avoiding obstacles that were only present when one of the two 
vehicles passed by. The vehicleΩs sensors will not have good reproducibility by the nature of the 
measurement devices on board. However, the high numbers of measurements can be exploited in a 
post-treatment phase in order to enhance reliability of the collected data. Also, the relative variation 
in the data of a vehicle may have a better reproducibility than the absolute data themselves. 

When comparing the dedicated survey vehicles with a fleet of probe vehicles, it becomes apparent 
ǘƘŀǘ ǘƘŜȅ ŀǊŜ ŎƻƳǇƭƛƳŜƴǘŀǊȅ ǊŀǘƘŜǊ ǘƘŀƴ ŎƻƳǇŜǘƛǘƛǾŜΦ IŜƴŎŜΣ ƛǘ ƛǎ άǿǊƻƴƎέ ǘƻ ǘǊȅ to compare these 
vehicles to each other:  

¶ The introduction of a fleet of probe vehicles will allow regular (almost daily) surveys on the 
whole network resulting in not very accurate data. These can help the road administrator to 
identify rapidly those parts of the network on which an additional highly accurate 
measurement with a dedicated survey vehicle is useful. 

¶ The information needed by the asset manager depends on the level of asset management 
planning: a strategic high level indicator might very well be derived from the data provided 
by a fleet of probe vehicles whereas the technical indicators for pavement management or 
project level design (preparation of the technical specifications of a tender for local road 
works) need highly accurate data typically collected by dedicated survey vehicles. 

¢ŀǎƪ пΦр ǘƘŜǊŜŦƻǊŜ ŀŘŘǊŜǎǎŜǎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ άƘƛƎƘ ƭŜǾŜƭέ ƛƴŘƛŎŀǘƻǊ όYtLύ ŦǊƻƳ Řŀǘŀ ŎƻƭƭŜŎǘŜŘ ōȅ 
a fleet of probe vehicles. 

1.3.2 Difficulties with Fleet Probing 

A disadvantage of the use of smartphones or similar quickly changing or evolving new technologies is 
that the continuity of the application is difficult to guarantee. In particular, the hardware of these 
devices changes rapidly. 

1.3.3 Hurdles to be overcome 

An issue raised in the INTRO project was the integrity of the data. The privacy of the drivers of the 
fleet vehicles needs to be maintained. The ownership of the data may also cause difficulties. The 
άŎƻǊǊŜŎǘƴŜǎǎέ ƻŦ ǘƘŜ Řŀǘŀ ŀƴŘ ǘƘŜ ǊŜǎǇƻƴǎƛōƛƭƛǘȅ ŦƻǊ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ŘǳŜ ǘƻ άŜǊǊƻǊǎέ ƛƴ ǘƘŜ Řŀǘŀ ƛǎ 
another point to be addressed when implementing such a large scale monitoring system. 

Concerning the privacy of the driver, solutions exist that are already used by various other 
technologies. It probably suffices to ask the individual if he/she is opposed to the use of the data. 

A question may arise about the ownership of the data on a CAN Bus of a vehicle. Preliminary 
information is that the car manufactures see the data as a business opportunity and may offer the 
data for a cost.  Also, communication of data to some external data retrieval location implies costs. A 
business case for applications with benefits for a road administration and the road users must take 
these aspects into account. 
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¢ƘŜ άŎƻǊǊŜŎǘƴŜǎǎέ ƻŦ ǘƘŜ Řŀǘŀ ǊŜǘǊƛŜǾŜŘ ŦǊƻƳ ŀ CAN Bus ƛǎ ƴƻǘ ƎǳŀǊŀƴǘŜŜŘ ŦƻǊ ŀǇǇƭƛŎŀǘƛƻƴǎ άƻǳǘǎƛŘŜέ 
the vehicle since they are not meant to be used in that way. The responsibility for the interpretation 
of these data and the decisions based on them should lie on whoever uses the data and not on the 
raw data provider. 

¢ƘŜ άǇǊƻǇŜǊǘȅέ ƛǎǎǳŜ ƛǎ ƴƻǘ ŀ ƘŀƴŘƛŎŀǇ ǿƘŜƴ ŀ άōƭŀŎƪ ōƻȄέ ǿƛǘƘ ǎƻƳŜ άŀŘŘƛǘƛƻƴŀƭ ǎŜƴǎƻǊǎέ ƛǎ ŀŘŘŜd to 
ǘƘŜ ǾŜƘƛŎƭŜ ōȅ ǘƘŜ ǊƻŀŘ ƻǇŜǊŀǘƻǊΦ ²ƘŜƴ ǘƘŜ άōƭŀŎƪ ōƻȄέ ƛǎ ŀŘŘŜŘ ōȅ ŀ ǘƘƛǊŘ ǇŀǊǘȅ ǿƘƻ ƻŦŦŜǊǎ Řŀǘŀ 
ŀƎŀƛƴǎǘ ǇŀȅƳŜƴǘ όǘƻ ŀ ǊƻŀŘ ƻǇŜǊŀǘƻǊύΣ άŎƻǊǊŜŎǘƴŜǎǎέ ŀƴŘ άǊŜǎǇƻƴǎƛōƛƭƛǘȅέ ŀǊŜ ŀƴ ƛǎǎǳŜΦ 
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2 ¢wLaa ¢ŀǎƪ пΦр ŀǇǇǊƻŀŎƘ ǘƻ ŘŜǾŜƭƻǇƛƴƎ ŀ ǳǎŜǊ ŜȄǇŜŎǘŀǘƛƻƴ YtL 
ōŀǎŜŘ ƻƴ ǇǊƻōŜ Řŀǘŀ 

 
Currently, road administrators collect longitudinal evenness data with dedicated high-tech survey 
vehicles and express the results using a technical parameter such as the IRI, NBO, EC, PSD, etc. Also, 
often in the context of a quality assurance plan the road operators collect the opinion of the road 
users by inquiries (questionnaires) and through a customer service for remarks and complaints. The 
technical parameters obtained from regular but infrequent data collections with dedicated survey 
vehicles are often used for road management. We are not aware of any case in which the results 
from inquiries are used in asset management and influencing decision-making on priorities for road 
works. 

Potholes are usually repaired as soon as they are detected. The road administrators often rely on 
information coming from their own personnel working on the road network. Some road operators 
Ƴŀȅ ƘŀǾŜ άŀƎŜƴǘǎέ ǿƘƻǎŜ ǘŀǎƪǎ ŎƻƳǇǊƛǎŜ ǘƘŜ ǊŜǇƻǊǘƛƴƎ ƻŦ ǇƻǘƘƻƭŜǎΦ {ƻƳŜǘƛƳŜǎ ŀƴƻǘƘŜǊ ǎƻǳǊŎŜ ƻŦ 
information used by the road operator consists of information from road users indicating the 
existence of a pothole at a certain location. 

When defining a high-level indicator (KPI) for asset management aiming for strategic decision 
making, one should best base it upƻƴ άǊƛŘŜ ǉǳŀƭƛǘȅέ ŦǊƻƳ ŀ ǳǎŜǊΩǎ perspective (an expectation of the 
user as one of the stakeholders). Hence, ǘƘŜ ōŜǎǘ ŎƘƻƛŎŜ ŦƻǊ ǘƻŘŀȅΩǎ YtL ƳƛƎƘǘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ǘƻ 
derive an indicator from the inquiries rather than from the technical parameters.  However, these 
might be considered subjective views and need a large sample to be robust. Therefore, we see a fleet 
of probe vehicles as a potentially more appropriate means of collecting more objective data from 
ǿƘƛŎƘ ŀ YtL ŦƻǊ άǊƛŘŜ ǉǳŀƭƛǘȅέ ŎƻǳƭŘ ōŜ derived. 

We see a fleet of probe vehicles as a means to collect user information in a more objective way and 
on a standardized and regular basis than the inquiries. Indeed, user opinions are probably biased or 
difficult to compare due to different standards of different users. Task 4.5 has addressed the 
development of a KPI for ǳǎŜǊǎΩ ŜȄǇŜŎǘŀǘƛƻƴǎ όǎǇŜŎƛŦƛŎŀƭƭȅ ŦƻǊ άǊƻŀŘ ŎƻƳŦƻǊǘέ) from data collected by 
a fleet of probe vehicles. Two types of user expectation indicator have been developed. The first has 
focused on general ride quality. The second has considered local defects affecting user perception, 
specifically potholes. 

To develop the general ride KPI the research has taken the following steps: 

¶ Undertaking data collection with probe vehicles on nine road sections with different 
evenness levels (three located in Sweden, three located in Austria and three located in 
Belgium). 

¶ For practical reasons the probe vehicles were not the same in the different countries: 

o The probe vehicle in Austria was a BMW Estate of AIT, from which CAN Bus data 
were extracted and which was equipped with a complementary accelerometer and 
smartphone, 

o The probe vehicle in Sweden was a Volvo Χ of VTI, from which CAN Bus data was 
extracted and which was equipped with a complementary vertical accelerometer and 
smartphone, 

o The probe vehicle in Belgium was a lorry of BRRC containing a smartphone with the 
application developed by VTI. 
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o We are aware that the quality (confidence bandwidth) of the KPI may be influenced 
(and improved) by the treatment of a large number of data streams obtained from a 
large number of probe vehicles but this aspect cannot be practically addressed 
within the size and timeframe of Task 4.5 of TRIMM. 

¶ An algorithm has been used to ŎƻƳǇǳǘŜ ǘƘŜ YtL ŦǊƻƳ άǳƴŜǾŜƴƴŜǎǎ Řŀǘŀέ. We anticipated 
that this would take data collected by the probe vehicles as an input and would probably be 
developed based on the experience with previous ride quality parameters, in particular IRI 
and WLP. A value for the KPI was delivered for each block of 50m long in the road section. 
Other block sizes could have been considered (e.g. 100 m or 1000 m). In each country a 
questionnaire was distributed to a small number of road users, who were asked to drive over 
the road sections in their countryΦ ¢ƘŜ άƛƳǇǊŜǎǎƛƻƴǎέ ƻŦ ǘƘŜ ǊƻŀŘ ǳǎŜǊǎ were compared to the 
proposed KPI.  

¶ Hence Task 4.5 has delivered a general ride quality KPI based on an evaluation of 
άƭƻƴƎƛǘǳŘƛƴŀƭ ǳƴŜǾŜƴƴŜǎǎέ ǘƻ ²tнand expressed by a number on a scale from 1 to 5.  
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3 Existing Technical Parameters for Road Evenness 

3.1 Existing Technical Parameters for general evenness 
Many different technical parameters for the evaluation of road evenness are used around the world. 
A comprehensive list of technical parameters used in Europe can be found in the database of the 
COST action 354 (available through the web page of the action, [30]). 

Some of the most notable technical parameters for road evenness are the άInternational Roughness 
Indexέ (IRI), wave band analysis as in UK, Belgium and France dividing the unevenness in three wave 
bands representing short, medium and long unevenness and a summary of the profile frequency 
components. We discuss in more detail the technical parameters that are regularly used by BRRC, AIT 
or VTI. The IRI used in Sweden by VTI, the άNotes par .ŀƴŘŜǎ ŘΩhƴŘŜǎέ (NBO) used in France and the 
άEvenness Coefficientsέ (EC) used in Belgium by BRRC as well as the άPower Spectral Density 
analysisέ (PSD) for which its importance has decreased in the light of the recently developed 
άweighted Longitudinal Profileέ (WLP) now used in Germany and Austria by AIT. 

Usually these technical parameters are computed from profile measurements obtained with high 
technological dedicated measurement devices such as the ά!ƴŀƭȅǎŜǳǊ ŘŜ ǇǊƻŦƛƭ Ŝƴ ƭƻƴƎέ (APL), 
ά!ǳǘƻƳŀǘƛŎ wƻŀŘ !ƴŀƭȅǎŜǊέ (ARAN), RoadSTAR,Laser RST (Road Surface Tester), Profilograph etc. 

The road profile can be seen as an input wave that can be decomposed as a sum of standard 
sinusoidal waves by Fourier tranformation. Each of the measurement devices operate as a filter and 
register the components of the road profile for a window of wave frequencies. The transformations 
of the raw data obtained with the measurement devices into technical parameters can be 
categorized in the following way: 

¶ Simulation of vehicle behaviour using the raw data profile as a model for the road profile 
(e.g. IRI), 

¶ Parameterised computations on the raw data evaluation the geometrical properties (e.g. the 
family of ECΩǎύ ƻǊ ŜƴŜǊƎŜǘƛŎ ǇǊƻǇŜǊǘƛŜǎ όŜΦƎΦ ǘƘŜ ŦŀƳƛƭȅ ƻŦ b.hΩǎύΣ ŜŀŎƘ ǇŀǊŀƳŜǘŜǊ ǎŜǘ ƎƛǾƛƴƎ 
rise to a member of the family of technical parameters, 

¶ Analysis of the wavelengths and their distribution in the recorded wave profile (e.g. PSD and 
WLP). 

The International Roughness Index 

The International Roughness Index (IRI) is an indicator based on the simulated response of a generic 
vehicle on the unevenness of the road surface. The model of the generic vehicle is called the 
άǉǳŀǊǘŜǊ-ŎŀǊέΦ ! ŎƻƳǇǊŜƘŜƴǎƛǾŜ ŜȄǇƭŀƴŀǘƛƻƴ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ώу]. Even though the IRI has been well 
studied in the USA and by the World Bank (cf. [9], [10]) the IRI is still the subject of research, as 
reported in [11] for instance. 

A small value for the IRI represents good evenness. However, the IRI is mostly influenced by two 
different windows of wavelengths in the measured raw data profile at once: a window that may 
cause safety hazards and a window that may cause a lack of comfort. Therefore, it is to be expected 
that the IRI represents well the human feel of unevenness but it gives little indication of the possible 
cause of the unevenness.  

The Belgian Evenness Coefficients 

The definition of the evenness coefficient (EC) combines two operations:  

Á The sliding average technique ς which introduces a filter, and  

Á The integration over a block of length E between two distance markings on the road profile. 
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The EC is a family of indicators, each member being characterised by two parameters: base length B 
for the sliding average computation and reporting length E.  

 

In the case of measurements with the APL, the evenness coefficient is computed from a profile 
represented by a large number of consecutively stored measurement points. First, the sliding 
average is computed: a fixed number of consecutive points is averaged over a length of B and the 
consecutive averages form a new and smoother curve. Then the area between the two curves is 
computed as the sum of the areas of small vertical blocks over a chosen distance E.  

 

From a theoretical point of view (see [6], available only ƛƴ 5ǳǘŎƘ ƻǊ CǊŜƴŎƘύ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘǎ ˂ ŦƻǊ 
ǿƘƛŎƘ . ғ ˂ ғ п. ƘƻƭŘǎΣ ŎƻƴǘǊƛōǳǘŜ ƛƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǿŀȅ ǘƻ ǘƘŜ ǾŀƭǳŜ ƻŦ 9/B. The choice of length E is 
only appropriate if E > 2.5B. 

 

¢ƘŜ ŦŀƳƛƭȅ ƻŦ 9/Ωǎ ƎƛǾŜ ŀ geometrical evaluation of the evenness of the road surface and EC2.5m 
(B=2.рƳύ Ŏŀƴ ōŜ ŎƻǊǊŜƭŀǘŜŘ ǘƻ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛǘƘ ǘƘŜ άǘƘǊŜŜ-ƳŜǘǊŜ ǎǘǊŀƛƎƘǘŜŘƎŜέΦ Three family 
members are used in a standard way in Belgium as they are mentioned in the standard tender 
specifications for road works: the EC2,5m (B=2,5m) mainly evaluates short wavelengths in the 
longitudinal road profile, EC10m (B=10m) mainly evaluates waves of moderate lengths, and VC40m 
(B=40m) mainly evaluates long wavelengths. Recently the EC0,5m (B=0,5m) came into use for the 
evaluation of bicycle paths in Flanders (Belgium). 

¢ƘŜ CǊŜƴŎƘ bƻǘŜǎ ǇŀǊ .ŀƴŘŜǎ ŘΩhƴŘŜǎ 

¢ƘŜ άbƻǘŜǎ ǇŀǊ .ŀƴŘŜǎ ŘΩhƴŘŜǎέ όb.hύ ƛǎ ŀ ŦŀƳƛƭȅ ƻŦ ǘƘǊŜŜ ƛƴŘƛŎŀǘƻǊǎΥ th όǎƳŀƭƭ ǿŀǾŜƭŜƴƎǘƘǎύΣ ah 
(moderate wavelengths), GO (large wavelengths). In France, the NBO is usually computed from the 
profile measured and registered by the APL (see also [7]). 

In a first instance, the raw data profile is filtered according to a window of wavelengths. Three 
standard windows are defined and determine the three indicators NBO-PO, NBO-MO and NBO-GO 
ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ Ǌŀǿ ŘŀǘŀΦ ¢ƘŜ ŦƛƭǘŜǊŜŘ ǇǊƻŦƛƭŜ ƛǎ ǘƘŜƴ ǳǎŜŘ ŦƻǊ ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴ ƻŦ άŜƴŜǊƎȅέΣ ǳǎƛƴƎ 
the formula:  

 

EBO = Ɇi=1..N  ȹx . (Ai)
2 

 

ǿƛǘƘ ōƭƻŎƪ ƭŜƴƎǘƘ 9 Ґ ɲȄ Φ bΣ ǎǘŜǇǿƛŘǘƘ ɲȄ Ґ рл mm and the number of registered input points N.  
Block length E is 20 m for the EBO-PO, 100 m for EBO-MO and 200 m for EBO-GO. Using predefined 
tables, these energies are then scaled to the NBO. The NBO is a number between 0.0 and 10.0 
without unit, with step size 0.5, expressing best evenness with the smallest number. 

The Power Spectral Density analysis 

The PSDs used for the evaluation of longitudinal unevenness is described in the ISO standard 8608. 
¢ƘŜ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ Ǌŀǿ Řŀǘŀ ǇǊƻŦƛƭŜ ƛƴ ǎǇŜŎǘǊŀƭ ǿŀǾŜǎ ƛǎ ŜǾŀƭǳŀǘŜŘ ŀƴŘ ǊŀƴƪŜŘ ƛƴ άŎƭŀǎǎŜǎ ƻŦ 
ǳƴŜǾŜƴƴŜǎǎέΦ {ƻƳŜǘƛƳŜǎ ǇŜaks can be detected in the decomposition, which indicate a strong 
presence of unevenness within a particular wavelength. The decomposition in spectral waves was 
also studied at the BRRC as reported in [14] and [15]. An interesting article with literature review is 
[16]. 
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The weighted Longitudinal Profile indicator 

¢ƘŜ ƛƴŘƛŎŀǘƻǊ ŎŀƭƭŜŘ άǿŜƛƎƘǘŜŘ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŦƛƭŜέ ό²[tύ ƛǎ ŘŜŘǳŎŜŘ ŦǊƻƳ ǘƘŜ ǎǇŜŎǘǊŀƭ 
decomposition PSD. The WLP was developed at the University of Aachen, Germany [12] and also 
studied in Austria [13]. 

The WLP evaluation method is capable of distinguishing between three different phenomena of 
evenness (see Figure 1), namely 1) general roughness, 2) (pseudo-) periodical roughness and 3) 
singular irregularities. This provides assessment of a broader spectrum of pavement condition than 
by just using one indicator such as the IRI.  WLP is independent of vibration behaviour and speed. 

 

 

CƛƎǳǊŜ мΥ 9ȄŀƳǇƭŜǎ ŦƻǊ ǘƘǊŜŜ ǘȅǇŜǎ ƻŦ ǊƻǳƎƘƴŜǎǎ ǇƘŜƴƻƳŜƴŀΥ ƎŜƴŜǊŀƭ όǘƻǇύΣ ǇŜǊƛƻŘƛŎ όƳƛŘŘƭŜύ ŀƴŘ ǎƛƴƎƭŜ 
ƛǊǊŜƎǳƭŀǊƛǘƛŜǎ όōƻǘǘƻƳύ 

In order to obtain the WLP, the following calculations must be performed. The road profile ÚØ  
measured with the profiler is segmented into sections with a length of 50 metres with a sampling 
distance of 0.1 metres. In order to obtain a sample size of ς for a Fourier transformation, the 
sections are enhanced to 2048 profile points Ø with overlapping segments before and after. As a first 
step, the segmented profile must be transformed into the frequency domain. As proposed by 
Ueckermann & Steinauer (2008) (cf. [12]), the transformed profile ÚØ  is then filtered by a fourth 

order Butterworth high-pass filter ( with a cut-off wavelength , of 50 m and maximum wavelength 
, of 204.8 metres, which can be written as  :Ë ÚËϽ(Ë. The weighted spectrum is calculated 
as  : Ë :ËϽ7 Ë, where the weighting function is given by: 

 

ὡ Ὧ
ὡ Ὧȟ π Ὧ ρπςυ

ὡ ςπτψὯȟ ρπςυὯ ςπτψ
 

and 

ὡ Ὦ
Ὦ
ὒ
ὒ

ς ς 
 

The purpose of the weighting function is to amplify single as well as (pseudo-)periodical irregularities 
in the profile. The road's waviness ɻ is a measure of the amplitude ratio between short and long 
wavelengths of a profile and typically has values between 2.0 and 2.8, depending on road network 
characteristics. By modifying ɻ, one can give special emphasis on short or long wavelengths. 
Basically, the higher the proportion of short-wave irregularities on a pavement, the higher the 
waviness should be chosen.  

The weighted spectrum :  is then separated into ten octaves, where each of these octave bands is 
separately re-transformed into the space domain. The overlaps of each single profile are cut off to 
obtain the original section length of 50 m. Consequently, there are ten weighted profiles Úȟ with 

ρ Ê ρπ, whose weighted sum results in: 
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where ʎ  is the standard deviation. From the weighted profile, two characteristic values are 
calculated: the range ɝ  and standard deviation ʎ  of the WLP. These can be compared to the 
respective threshold values given by the national road maintenance guidelines.  

A difficulty in estimating road evenness is that the data contains outliers, which should not be 
discarded but rather might indicate dangerous sections along a road, e.g. where the pavement is 
damaged. Such single irregularities (e.g. potholes) are indicated by a higher ɝ , while roughness 
showing periodical patterns produces a higher ʎ . 

All technical parameters express in some way or another the evenness of the road surface and are 
therefore used IRI, EC, NBO or WLP as a reference measurement of evenness to the studies 
presented in this document. The WLP was used in a different way as well: using CAN Bus data, the 
value of the WLP was estimated and classes were defined that gave rise to the KPI proposed in this 
document. The WLP was chosen for this purpose since it is a simple expression in two characteristic 
values (range ἥἘἜ and standard deviation ἥἘἜ) and thus well-suited as output format of a 
άƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ƳƻŘŜƭέΦ 

3.2 Existing Technical Parameters for Potholes 
Potholes and their severity can be quantified by their size and depth. As an example of this, we refer 
to the catalogue ([19]) of surface defects of the Flemish NRA (Belgium), where one finds an indication 
of the severity of potholes based on their depth and on the longest horizontally measured size 
(transcribed in Table 1). 

Table 1: Severity of Potholes (as in [19]) 

Severity Depth Longest size 

Light < 2 cm < 10 cm 

Average 2 ς 4 cm 10 ς 20 cm 

Severe > 4 cm > 20 cm 

 

For road management purposes information on potholes can be of immediate interest since they 
may have to be temporarily repaired as soon as they appear, but can also be used in overall 
management of the pavement asset. In the latter case, potholes are often taken into account as one 
of many possible surface defectsΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ǘƘŜ ta{ ǎȅǎǘŜƳ ά±ƛŀ.9[έ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǇƻǘƘƻƭŜǎ ƛǎ 
taken into account but is combined with several other visually detected defects to give a άǾƛǎǳŀƭ 
ƛƴŘŜȄέ (cf. [44]). 

Lƴ ǘƘŜ Ŧƛƴŀƭ ǊŜǇƻǊǘ ƻŦ /h{¢ ŀŎǘƛƻƴ орп ώолϐ ǇƻǘƘƻƭŜǎ ŀǊŜ ŀƭǎƻ ƳŜƴǘƛƻƴŜŘ ŀǎ άǎǳǊŦŀŎŜ ŘŜŦŜŎǘǎ ƻŦ 
ŎŀǘŜƎƻǊȅ нέΦ !ƭǘƘƻǳƎƘ ǘƘŜȅ ŀǊŜ ƴƻǘ ǳǎŜŘ ƛƴ ǘƘŜ ŀƴŀƭȅǎƛǎ ŘƻƴŜ ƛƴ ǘƘŜ ŦǊŀƳŜ ƻŦ ǘƘŜ /h{¢ ŀŎǘƛƻƴΣ ǘƘŜȅ Řƻ 
appear as one of the defects that could contribute to a technical parameter of surface defects. 
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4 Data Collection Systems and Test Drives 
As noted earlier in Section 2, the test drives were carried out using probe vehicles containing either 
smartphone or CAN Bus data collection methods or both, and across three separate countries. We 
also obtained reference data using user questionnaires. The data collection is described in this 
section. 

4.1 Smartphone Application  
¢ƘŜ ǎƳŀǊǘǇƘƻƴŜ ŀǇǇƭƛŎŀǘƛƻƴ ǇǊƻǾƛŘŜŘ ōȅ ±¢L ƛǎ ŀƴ άŀǇǇέ ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ƻƴ ǾƛǊǘǳŀƭƭȅ ŀƴȅ 
smartphone using the android operating system mounted in a vehicle. The app not only exploits GPS 
location and 3D-acceleratometer data collected by the smartphone, it also takes pictures during the 
the test ride. However, some requirements have to be fulfilled for the app to work properly: firstly 
installation and secondly software compatibility. 

Requirements for the smartphone approach to be mounted in any vehicle were: 

¶ Stiff smartphone mounting kit, placed right behind the windshield and oriented so as to take 
άƭŀƴŘǎŎŀǇŜέ ƻǊƛŜƴǘŜŘ ǇƛŎǘǳǊŜǎ of the road (cf.Figure 2), 

¶ Power supply. 

 

 

Figure 2: Smartphone as mounted during test drives in Sweden 

Some requirements on the smartphone itself are needed ŀǎ ǿŜƭƭ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ ŀōƭŜ ǘƻ Ǌǳƴ ǘƘŜ άŀǇǇέΦ 
We tried out the VTI app on smartphones of several brands and types. The application was installed 
and tested on various smartphones of the Samsung brand at BRRC. The installation and functioning 
of the VTI app was successful on: 

¶ Galaxy s3 mini android 4.1.1, 

¶ Galaxy Fame android 4.1.2. 

However, the app did not function well on other Samsung smartphones: 

¶ Galaxy Xcover android 2.3.6: bugs and GPS very slow, 

¶ Galaxy GIO android 2.3.6: GPS very slow and some bugs, 
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¶ Galaxy mini Android 2.3.7: bugs and too slow. 

The version of the Android operating system could be at the origin of the problems. 

At VTI, tests with different types of smartphones led to the conclusion that the app worked best on a 
Sony Xperia or on a higher specification Samsung. The accelerometers have different specifications in 
different smartphones and are prioritized differently by the operating system. The GPS specifications 
vary also and should ideally be of high quality. Ultimately this means that the app will only work 
properly on more expensive types of smartphones, which is somewhat in contradiction with the 
initial idea that the app should be used on a large scale by ordinary road users. This however may be 
a short term drawback since technology and performance is changing rapidly. 

Although in this work we have not thoroughly studied the influence of the type or the brand of 
smartphone on the data collected with smartphone on the roads, we are aware that there is an 
influence. Also the speed at which the vehicle drives with the smartphone on board and the (sudden) 
variation in speed may very well have an influence on the data collected. But again, this has not been 
thoroughly studied in this work. 

In Sweden only a Samsung Galaxy III smartphone was used. A stiff holder of good quality was used 
(iGRIP T5-1263, http://www.igrip.us/t5-1263). For the experiments in Belgium and Austria the 
smartphones were mounted in such a way as to maximise the attachment of the smartphones to the 
dashboard, and according to the suggestions given by VTI based on their experience. 

4.2 Probe vehicles (CAN Bus) 
Both probe vehicles from which CAN Bus data were collected, were cars dedicated to research. 
However, in almost all modern cars and trucks access to CAN Bus data is available and therefore the 
use of these cars dedicated  to research are in no means a restriction for future implementation of 
the approach. 

 

 

Figure 3: the car used at AIT for CAN Bus data collection 

The probe vehicle approach on the test sites in Sweden was an adaption of AIT's, used on VTI Volvo 
XC70 cars. 

General hardware requirements (not all was available in the Volvo): 

¶ CAN Bus access 

¶ Optional, but helpful: One external accelerometer mounted in the car 

¶ (D)GPS receiver 

¶ In-car data processing unit and storage 

¶ 12V adapter for power supply 

http://www.igrip.us/t5-1263
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Data requirements for the CAN Bus approach during tests in the TRIMM project 
 

Table 2: Minimum required data set 

Data Unit Source of the data Comments 

Synchronised 
timestamp 

e.g. ms  
All signals need to be 

synchronised 

GPS coordinates 
(long/lat) 

decimal 
Optimal: Antenna on the roof 

+ DGPS +IMU.  
The more exact the better 

Longitudinal 
acceleration 

m/s² 
Optimal: Not from CAN Bus, 

but from external 
accelerometer 

 

Vertical 
acceleration 

m/s² 
Optimal: Not from CAN Bus, 

but from external 
accelerometer 

 

4 wheel speeds 
/ rotation rate 

rad/s or 
km/h 

From CAN Bus 
 

Driving speed km/h From CAN Bus 
 

Reference 
profile data 
(true profile) 

- 
measured by  common 

profilometers (not from CAN 
Bus data) 

 

 
The recording of high quality GPS locations are especially of importance in the experiments done 
during the TRIMM project since ƛǘ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ƻōƧŜŎǘƛǾŜǎ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ άǇǊƻbŜ ǾŜƘƛŎƭŜέ Řŀǘŀ ǘƻ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ άƘƛƎƘ ǘŜŎƘέ ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜǎΦ 

CƻǊ ŀ ŦƭŜŜǘ ŀǇǇǊƻŀŎƘΣ άƴƻǘ ǎƻ ŜȄŀŎǘέ ǇƻǎƛǘƛƻƴƛƴƎ Řŀǘŀ ǎƘƻǳƭŘ ǎǳŦŦƛŎŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ 
ŀŎŎŜǇǘŀōƭŜ άƛƴŀŎŎǳǊŀŎȅέ ƻŦ DPS data in order to gather useful data for the determination of the KPI is 
an issue to be addressed. 

Table 3: Desirable additional parameters for data set 

Data Units Source Usage 

Steering wheel 
angle 

degrees CAN Bus 
necessary to detect 

sudden movements that 
might affect the classifier 

Brake pedal state 
(pushed/not 

pushed) 
0/1 CAN Bus 

necessary to detect 
sudden movements that 
might affect the classifier 

Accelerator pedal 
state (pushed/not 

pushed) 
0/1 CAN Bus 

necessary to detect 
sudden movements that 
might affect the classifier 

Clutch pedal state 
(pushed/not 

pushed) 
0/1 CAN Bus 

necessary to detect 
sudden movements that 
might affect the classifier 

Gear 0-5(6) CAN Bus 
necessary to detect 

sudden movements that 
might affect the classifier 
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Lateral 
acceleration 

m/s²  
Could be an indicator to 

detect ruts or other 
lateral irregularities 

Engine speed rpm CAN Bus 
necessary to detect 

sudden movements that 
might affect the classifier 

Yaw rate degrees 
From CAN Bus or 

heading from 
GPS 

 

 
The car (type, model) also influences the (quality of) CAN Bus data. However, the thorough study of 
this parameter was out of the scope of this Task. 

4.3 Test Drives 
This section presents a brief summary of the test drives. Further details are provided in the 
Appendices. 

The test drives in Austria were performed with the probe vehicle shown in Figure 19 in Appendix 
A2.2. A comprehensive measurement campaign with the probe vehicle was conducted in the area of 
Vienna, Austria. In total, approximately 88 km of road were measured, from which 59 km were on 
the motorways and 29 km on urban roads. It was ensured that these data included very rough to 
very smooth pavements to get a representative sample. For urban roads, the measurement speed 
was around 50 km/h, for motorways around 80 km/h. 

Reference data was collected in Austria with a high level road monitoring system ς an inertial 
profiler, which gathered data regarding the longitudinal evenness of the road surface.  From the 
longitudinal profile data, the reference WLP data was computed. The sophisticated on-board data 
acquisition system does not alter the vehicle dynamics and therefore the data collected from the 
CAN Bus are identical to the data that would be collected from the CAN Bus ƻŦ ŀƴ άƻǊŘƛƴŀǊȅέ ŎŀǊ ƻŦ 
the same brand and type. The data collected from the CAN Bus of the probe vehicle used for the test 
drives is representative for the data that would be collected using a fleet of ordinary vehicles (of the 
same brand and type).  

  

Figure 4: Reference data collection with APL towed by the Range Rover in Belgium 

 

A further field test was organised and conducted in the summer of 2013, in Vienna, Austria to collect 
ride quality data, as well as reference data for comparison and validation. The measurement 
campaign was performed with the probe vehicle equipped with different smartphones running the 
application developed at VTI. During one day, four test persons participated in the trial as passengers 
in the vehicle and provided feedback regarding their subjective perception of the general ride 
comfort of the road. The measurement campaign was performed on three selected test sections, 
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each section with a different level of evenness. More details regarding the Austrian test drives can be 
found in Appendix 2.  

For the Belgian tests the smartphone application of VTI was implemented by BRRC on board an 
ordinary van (a VW Caddy, see Appendix 1) and in a lorry (see Appendix 4). At both field tests in 
Belgium, reference evenness measurements were made with the APL. These resulted in values for 
the evenness indices IRI, EC and NBO. 

In Sweden, VTI organised a field test on eight road sections combining evenness measurements, CAN 
Bus data collection and data collection with their smartphone application. To collect test data the 
VTI-app was used on all sections in a Volvo XC70 and data of its CAN Bus were extracted too. 
Reference data was collected with the Laser RST, resulting in measurement data of rut depth, IRI 
(evenness) and MPD (macro texture). For the user questionnaire, twenty-eight people, all employees 
at VTI but with various expertise from administration to road experts and from both sexes, 
participated as passengers in four minivans. The passengers were asked to answer to questions 1, 3 
and 4 of the questionnaire (section 4.4.) and ǿŜǊŜ ŀƭǎƻ ŀǎƪŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ άǊŜŀƭ ǾŀƭǳŜέ ƻŦ Ǌǳǘ 
depth, IRI (evenness) and MPD (macro texture). A more detailed description of the field tests and 
their results is presented in Appendix 3. 

4.4 User opinions on ride quality - questionnaire for passengers 
In addition to reference data provided by high-tech survey vehicles, we collected information on the 
condition of the test routes using a questionnaire completed by passengers who travelled over a 
number of the sections. ¢ƘŜ άŀŎŎƻƳǇŀƴƛŜŘ ƧƻǳǊƴŜȅέ ŀǇǇǊƻŀŎƘ is well-known and well-documented 
for the evaluation of roads by users along their daily journey trajectory or on corridors in a road 
network. Recently, the EXPECT project addressed this approach as a tool that can be used by a road 
manager for asset management purposes (see deliverables of EXPECT [31]).  This approach was used 
on four occasions, twice in Belgium, and once each in Austria and Sweden. 

During the FIRM 2013 event in Brussels, a test drive was organised. The volunteers participated as 
passengers and were asked to reply on a set of 4 multiple choice questions after they passed over 
ŜŀŎƘ ƻŦ ǘƘŜ р ǘŜǎǘ ǎŜŎǘƛƻƴǎΦ ¢ƘŜǎŜ ǘŜǎǘ ǎŜŎǘƛƻƴǎ ǿŜǊŜ ŀƭǎƻ άƳŜŀǎǳǊŜŘέ ǳǎƛƴƎ ǘƘŜ ±¢L ŀǇǇ ƻƴ ǘƘǊŜŜ 
different smartphones and by the APL of the BRRC. 

The questions and possible answers were: 

¶ Question 1: How do you qualify the comfort of the road section on a whole? 

1. Excellent 

2. Very Good 

3. Good 

4. Average 

5. Rather bad 

6. Very bad 

7. Awful 

¶ Question 2: How do you compare the comfort on this section with respect to the previous 
section? (except for the first section) 

1. much better 

2. a bit better 

3. similar 

4. a bit worse  

5. much worse 
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¶ Question 3: Was the level of comfort similar on the whole length of the road section? 

1. Very homogeneous 

2. very localised punctual differences 

3. large variations 

 

¶ Question 4: Do you think there is a need for improvement of the comfort level of this 
section? 

1. urgent need 

2. needed but can wait for a few years 

3. could be considered in a few years 

4. not needed at all 

 

The participants were briefed about the route and the driver indicated the beginning and ending of 
each test section. The participants had to answer the questions about a test section right after 
passing over it and before starting with the next section. 

The same approach was applied again in Sweden, in Austria and at the second test ride in Belgium. 
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5 wŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜ ¢Ŝǎǘ 5ǊƛǾŜǎ 

5.1 Review of data collected 
During the test drives, several types of data were collected by different means. The following gives 
an overview of the types of data collected at the different locations. 

Sweden 
At the test sections in Sweden, we collected 

¶ The reference evenness measured with the Laser RST. This multi-function measurement 
vehicle collected longitudinal evenness (expressed in IRI), macro texture (expressed in MPD) 
and rut depth (in mm). Several vehicles were used for carrying volunteering passengers who 
completed ride quality questionnaires.  

¶ The smartphone app was used as well and CAN Bus data were collected with the Volvo XC70 
car of VTI. 

¶ Answers to the questionnaires (extended version) were given by 28 volunteering members of 
the personnel of VTI seated in 4 vans. The volunteers were males and females, road 
engineers and administrative people. But the major part consisted of engineers involved in 
road and pavement research. 

Austria 
At the test sections in Austria, we collected: 

¶ The CAN Bus with the BMW car of AIT equipped with several measurement systems used in 
different research projects.  

¶ The vehicle was also equipped with a smartphone {ŀƳǎǳƴƎ DŀƭŀȄȅ {о ǊǳƴƴƛƴƎ ǘƘŜ ά±¢L ŀǇǇέΦ  

¶ Several passengers who answered to the questionnaire were installed in the car during the 
data collection from the CAN Bus ƻŦ ǘƘŜ ŎŀǊ ŀƴŘ ǿƛǘƘ ǘƘŜ άŀǇǇέΦ  

¶ The reference evenness was measured with the inertial profiler of the same car. 

Belgium 
Both at the test sections in Brussels and Wavre, we collected  

¶ reference data on evenness measured with the APL, 

¶ scores with the smartphone app of VTI using two different types of smartphones, 

¶ answers to the questionnaires by several volunteering passengers. 

In Brussels the app was used during the test drives with the passengers answering the questionnaire. 
The APL measurements were executed separately, prior to the test drives with smartphones and 
passengers. 

In Wavre the smartphone app was used in the towing car (a Range Rover) during APL measurements, 
as well as in the truck while the volunteering passengers sitting in the truck next to the driver 
answered the questionnaire. 

All collected data were shared between AIT, BRRC and VTI. 

5.2 Experience gained in the test drives using the CAN Bus 
Both in Austria and in Sweden data were collected from the CAN Bus of a car. The transformation of 
the CAN Bus data into an estimated WLP value was performed at AIT and therefore an attempt was 
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made to make sure that the data format of the data collected in Sweden would be compatible with 
the data collected in Austria with another car of another brand. In turned out that this exercise was 
much more difficult than expected: although the minimum requirements for the experiments were 
defined on beforehand and respected during data collection, the exploitation of the data for the 
computation of estimated WLP values turned out to be much too difficult. From these experiments it 
became very clear that the lack of sufficient uniformity, harmonisation or standardisation of CAN Bus 
data is blocking efficient exploitation of such data when coming from different car brands. 

On the other hand, the experiments in Austria (limited to the data gathered with one car) proved to 
be successful: data were collected and transformed to an exploitable format for pavement condition 
assessment, as we will describe further in this document. 

5.3 Experience gained in the test drives using the smartphone 
In the test drives several types of smartphone were equipped with the same VTI-app and installed in 
the same vehicle. This was done in several vehicles in Belgium (a car and a truck). This allowed us to 
study the repeatability and reproducibility of the smartphone measurements provided by the VTI-
app, as illustrated in Figure 5 and Figure 6. We observed that the repeatability is quite good when we 
used the same smartphone in the same vehicle. However, the type of smartphone and the vehicle 
influences the results significantly. We observed that the app installed on different smartphones may 
give some different values (or scores) although the tendency in the data is similar. This can be 
explained by the different types of accelerometers built in in the smartphones. Also the quality of the 
GPS data from which the distance between two consecutive measurements is determined, will not 
be the same between two types of smartphones. We clearly observed a large difference (a scale 
factor of about 2) between the scores delivered by the app on the same smartphone but installed in 
a truck or in a car. This is to be expected since the smartphone app registers how the vehicle 
suspension reacts to the unevenness of the road. 

 

 

Figure 5: Illustration of repeatability: two drives logged with the Samsung S3 

 

 

Figure 6: Illustration of reproducibility: two smartphones (Fame and S3) in the same car 

Also the smartphone must be properly fixed since otherwise the results are unreliable. We illustrate 
these observations in appendices 1 and 4. The differences in the data reported by the app when used 
on different brands of smartphones or even on different types of smartphones of the same brand 
can be explained by the difference in quality between the accelerometers built-in in the smartphones 
and by the fact that the prioritisation of the tasks between different components of the smartphones 
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is not standardized. In fact, often the accelerometers have less priority than many other 
components. 

It was not our objective to determine the unevenness expressed by IRI, EC, NBO, WLP or other 
technical parameters from the smartphone data. However, we did try to understand if the 
measurement data collected with the VTI-app on the smartphones was influenced by the 
(un)evenness of the road. We therefore compared the IRI results in a graph against the smartphone 
data. We observed a rather good correspondence between some of the data collected with the 
smartphones and the IRI as can be seen in Figure 7, where we put the IRI (after scaling and averaging 
over road blocks of 100m long) on the same graph as the score determined by the app in both 20 and 
100m blocks.  This is illustrated in more detail in appendices 1 and 4. 

 

 

Figure 7: Best case of similarities between IRI reference data and smartphone app scores 

It was observed that the distances between consecutive data points collected with the VTI-app varied 
significantly. In the tests in Belgium the step-size varied between 1m and 30m. This could be 
overcome by doing a more robust interpolation procedure of the distance. The GPS delivers positions 
at 10Hz (at the best) while the accelerometer delivers data up to 100Hz. By making an improved 
resampling procedure the data could be better synchronized with required section lengths. 

The orientation of the smartphone in the vehicle was not important since the app makes use of three 
accelerometers inside the smartphone and it reorients the coordination frame so that the output-
score produced by the app reflects the real vertical accelerations with respect to the road surface. 
However, the smartphone must be fixed properly so that the app is not influenced by any vibrations 
or movements independent from the vehicle. 

From the experience with the smartphone app we conclude that, before a commercial use on a large 
scale can be rolled out, we need more understanding about the influence on the data from different 
conditions related to the components of different smartphones and to the properties of vehicles. 
{ƻƳŜ ƻŦ ǘƘŜ ƛƴŎƻƴǾŜƴƛŜƴŎŜǎ ǿƛƭƭ ǇǊƻōŀōƭȅ ōŜ ŎƻǳƴǘŜǊŜŘ ōȅ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀ άƳŀǎǎƛǾŜ ŀƳƻǳƴǘέ ƻŦ 
data when implemented in a large fleet of vehicles. But then this also needs further investigation. It 
would be easier if some of the smartphone components would behave in a standardized way. In 
work of VTI outside of the scope of the TRIMM project it is suggested to apply the app on a fleet of 
bicycles in order to evaluate the comfort of bicycle paths. Indeed, some of the difficulties 
encountered on the road with cars and a truck may be less significant when applied on bicycles. 

5.4 Relationship with user perception 
Since user perception of road comfort may be due to accelerations in all directions, we could assume 
from the beginning that both the CAN Bus Řŀǘŀ ŀƴŘ ǘƘŜ ά±¢L ŀǇǇέ ǎƘƻǳƭŘ ǊŜƭŀǘŜ ǘƻ ǳǎŜǊ ǇŜǊŎŜǇǘƛƻƴ ƻŦ 
road comfort since they collect 3D-accelerations. In the case of the VTI-app the accelerations are 
combined in order to determine the acceleration vertical to the road.  

The vertical acceleration computed by the VTI-app is not the same as if we would have collected a 
single acceleration with just one accelerometer that can never stay exactly vertical, so it does take 
3D-accelerations into account. On the other hand, abrupt άƘƻǊƛȊƻƴǘŀƭέ ŀŎŎŜƭŜǊŀǘƛƻƴǎ ŀǊŜ ƴƻǘ 
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identified as such and may be a further opportunity for future studies on these data ς though beyond 
the scope of this Task. 

In the experience in Sweden road users (passengers) were additionally asked to estimate directly the 
values of IRI (longitudinal evenness), rut depth and MPD (marco-texture) and the estimates were 
compared to the measured values of these technical indices. Although these passengers were all 
personnel of VTI, they did not all have a clear understanding of the technical parameters IRI, MPD 
and rut depth: some of them have administrative functions, others have a technical background but 
very different duties that are not directly related to surface monitoring. When looking at the indices 
individually, we can see that the estimated values are sometimes far off from the measured values. 
However, when we define a combined indicator as the average of IRI, rut-depth and MPD and we 
compare the values of the combined indicator computed from the estimated data with the values of 
the combined indicator computed from the measured data, it turns out that there is a much better 
match between them as we illustrate in Figure 8. From this, we may conclude that user perception is 
influenced by a combination of factors which are captured more accurately by a combination of 
technical properties of the road than by one particular individual technical index. More details on this 
experience can be found in Appendix 3. 

 

   

Figure 8: Relationship between measured reference data and user perception 

 

²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŀƴǎǿŜǊǎ ǘƻ ǘƘŜ ǉǳŜǎǘƛƻƴƴŀƛǊŜǎ ǘƻ ǘƘŜ ǎŎƻǊŜǎ ƻōǘŀƛƴŜŘ ōȅ ǘƘŜ ά±¢L ŀǇǇέ ǿŜ ǘŜƴŘ 
to observe some relationship between them. The insight gained from the additional Swedish 
questions leads us to believe that the smartphone app is prone to capǘǳǊŜ ŀƴ ŜǾŀƭǳŀǘƛƻƴ ƻŦ άǊƻŀŘ 
ŎƻƳŦƻǊǘέ ŀǎ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǊƻŀŘ ǳǎŜǊǎ όǇŀǎǎŜƴƎŜǊǎύ ōǳǘ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ƳŀŎǊƻ-texture of the road 
surface. Further investigations are needed for a firm confirmation of this first observation. In these 
further investigations (which are outside of the scope of the TRIMM project) one should also 
investigate in more depth the reproducibility of the smartphone scores. 

When comparing the answers to the questionnaire given by the road users (passengers) in all three 
countries on all test sites with the measured reference evenness (expressed in the different technical 
indices IRI, EC, NBO and WLP) we can observe that the match is not perfect. As already suggested this 
may be due to the fact that the measured reference evenness ignores the macro-texture of the road 
ǎǳǊŦŀŎŜ ǿƘƛƭŜ ǘƘƛǎ ƛǎ ƛƴ ǇŀǊǘ ǘƘŜ ƻǊƛƎƛƴ ƻŦ ǘƘŜ ŦŜŜƭƛƴƎ ƻŦ άǊƻŀŘ ŎƻƳŦƻǊǘέ ōȅ ŀ ƘǳƳŀƴΦ 

5.5 Interpretation of smartphone scores 
Much of data was collected with the smartphone app provided by VTI on all test sections in all three 
countries. When evaluating the quality of these data, we came to the conclusion that there are a 
number of difficulties that make the interpretation of the obtained score and the transformation into 
a KPI hazardous. We therefore did not pursue the development of a KPI based on the collected 
smartphone data. 
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However, we do believe that we can conclude from the collected data that it must be possible to 
equip a dedicated fleet of vehicles with the smartphone ŀǇǇ ƛƴ ƻǊŘŜǊ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ άǊƛŘŜ ŎƻƳŦƻǊǘέΦ 
This belief is based upon the following observations: 

¶ The repeatability of the measurements seems sufficiently good when the smartphone is well-
installed in the vehicle, 

¶ ¢ƘŜ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻōǘŀƛƴŜŘ ŘǳǊƛƴƎ ǘƘŜ ǘŜǎǘ ŘǊƛǾŜǎ ƛǎ άƴƻǘ ōŀŘέ ŀƴŘ ǿŜ ǎŜŜ ǇƻǎǎƛōƭŜ ǿŀȅǎ ƻŦ 
improvement or ways of controlling the differences obtained from different types of 
smartphone in different types of vehicles as soon as this can be controlled in a dedicated 
fleet, 

¶ There seems to be a rather good match between some of the smartphone scores, answers to 
the questionnaire and reference values for the longitudinal evenness although there might 
be a better match when the macro-texture is also taken into account. 

These unwanted side-effects are also potentially less significant when the smartphone with the app 
is put on a fleet of bicycles and then used for the evaluation of a bicycle path network. This idea of 
VTI was put in practice by them in another project.  

5.6 Pothole detection 
When executing the test drives on the test sections, we noticed that we were not driving through 
potholes: drivers were avoiding them. This means that in the collected data do not contain any 
relevant data about pothole detection. Therefore, it was impossible to develop a KPI expressing the 
probability of pothole presence. Since we lack data for the development of a KPI, we will only discuss 
here on a theoretical level what could be done or is done by others with respect to this issue. 

A first reason why the drivers avoided potholes is related to the nature of the vehicles: expensive and 
ǎŜƴǎƛǘƛǾŜ ƳŜŀǎǳǊŜƳŜƴǘ ŜǉǳƛǇƳŜƴǘ ƛǎ άǎǇŀǊŜŘέ from driving through potholes that could potentially 
damage the equipment. A second reason was that drivers naturally try to avoid driving through 
potholes (alǎƻ ƛƴ άƻǊŘƛƴŀǊȅ ǾŜƘƛŎƭŜǎέύ ǎƛƴŎŜ ŘǊƛǾƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜƳ ƛǎ ǳƴŎƻƳŦƻǊǘŀōƭŜ ŀƴŘ Ƴŀȅ ŘŀƳŀƎŜ 
the suspension of the car. Note that already in the INTRO project it was stated that one should look 
at all directions of acceleration for the detection of potholes. From our own experience in the frame 
of the TRIMM project, we can conclude that for a better detection of potholes from CAN Bus data or 
smartphone data, it would be interesting to study the detection of sideward movements of 
avoidance, lateral acceleration and braking. Also large data sets including sections with actual 
potholes must be used for validation of the detection approach. 

From the literature we can note that the detection methods we investigated all look promising but 
that they will also give false negatives and/or false positives. For instance, in paper [22] the detection 
of potholes is considered using acceleration data from smartphones and two different approaches 
are presented: one for vehicle speeds below 25 km/h and one for vehicle speeds above 25 km/h. 
They studied the z-peak heuristic proposed in [23] for vehicle speed above 25 km/h and suggested 
the new heuristic z-sus. Both have their own threshold. Detection of potholes with CAN Bus data and 
from Time-of-Flight cameras was also the topic of the SENSOVO project in Belgium and results of that 
project will become available before the end of 2014 (cf. www.vim.be for updates). In both these 
cases, pothole detection turned out to be quite difficult. However, in both these cases the emphasis 
was on the detection techniques rather than on the development of a KPI for pothole presence. A 
possible way dealing with this is the exploitation of a large data set of gathered fleet data that should 
give rise to a KPI expreǎǎƛƴƎ ǘƘŜ άǇǊƻōŀōƛƭƛǘȅ ƻŦ ǇƻǘƘƻƭŜ ǇǊŜǎŜƴŎŜέΦ 

  

http://www.vim.be/
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6 5ŜǾŜƭƻǇƛƴƎ ŀ YtL ŜȄǇǊŜǎǎƛƴƎ ǊƻŀŘ ǊƻǳƎƘƴŜǎǎ 
As mentioned in Chapter 1, ride quality is related to dynamic vehicle response caused by longitudinal 
road evenness. Figure 9 depicts the TRIMM methodology for estimating ride quality from probe 
vehicle data, including the data collection and processing (upper part), as well as the preparation of 
reference data measured by a laser profilometer (lower part). As explained in Chapter 4.2 probe 
vehicle data in TRIMM comprises CAN Bus data, accelerometer and GPS readings. Smartphone data 
has not been used for this approach. 

 

 

Figure 9: Methodology 

6.1 Reference data for ride quality 
The reference data for road evenness were collected with an inertial profiler. Inertial profilers are 
dedicated devices for determining the longitudinal profile of a road. The system consists of two 
components: a laser triangulation height sensor with a vertical resolution of 30µm and an 
accelerometer with a resolution of 540 µg on a rigid platform. The measurements are done in the 
right wheel track. Both sensors are sampled with a frequency of 1 kHz, which leads to a horizontal 
resolution of 1.6 cm when measuring with a constant speed of 60 km/h. The operating principle of 
the inertial profiler is as follows: the vertical acceleration is doubly integrated over time and provides 
the inertial position of the height measurement device in motion. The displacement measured by the 
laser sensor is subtracted from the inertial position. The result is the profile of the road in the time 
domain. The signal is transferred to the spatial domain and band-pass filtered to a wavelength range 
of 0.5 to 50 m according to the definition of unevenness in EN 13036-5. The profile is then further 
processed to compute the WLP, i.e. the range ɝ  and standard deviation ʎ  as its two 
characteristic values, as described in Section 2.1. Since the test tracks used for this work have a high 










































































