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Definitions

Term Definition

ms Acceleration derived fronaccelerations measured by the smartphone app ¢
VTI alongll three axs x,y and z
{dFyR&a F2NJ 402 yﬁrmmnﬂrﬁaubnl-dew%d-uon jﬁ(ﬁiri&ig
ordinary vehicles (cars, lorrieX,0 U0 KNR2 dz3 K ¢ KA OK (inRHe

CAN Bus form of messaged)etween different components of the electronic systems

the vehicle. In particular, data gathered by any sensor in the vehiclg
transmitted over theCAN Bu$o microcontrollers.
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Executive Summary

Within TRIMM, new monitoring techniques for roads and bridges being developedwith the
objective of improving short and long term managing and maintenance strategies. This report
(TRIMM deliverable D4.4) is the result of the work witfiask 4.5dedicated to the monitoring
techniques that collect information about the user relatieshctionality 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 withdedicated high costd K AITSKOK ¢ Y2y AG2NAY 3 RSGAOSa®

The aim of this work is to enhance the ability to monitor road functionality by makinginealow
costride quality measurements with probe vehiclasd to provide a Key performance Indicator (KPI)
for high level asset management, that is for strategic decision making, support on planning of a
global policyput not the technical details needed for the preparation of a tender for particular road
workson a particular road section.

The goal of this work iherefore:

1. ¢2 RSEAGSNI I YtL O2YLWziSR FNRY LINRPO6S OSKAOfS
consequence of longitudinal unevenness) in a number on a scale.

2. Tolook for anindicationthat® Yt L NBFff& SELINS&&Sa GNARS O2Y
answers of the passengers in the trials.

3.¢2 221 F2NJ a2YS LRaaArotS O2NNBflGA2ya
indicators whichare saidto express comfort (or safety).

i6S:¢

(@]}
(Vp))

The workhas equippedseveralstandard vehicles with equipment that allows ride quality to be
assessed without the need to install specialised hagth sensors. The approach draws on the use of
measurements provided on the vehid®AN Busnd on data provided bgmartphones. Test drives

have then been carried out with these vehicles and data collected from these devices. In addition the
work hasaskedpassengers about their opinions on theality of the roads that wadriven over. The
recorded datahas beenassesed andthe work carried out to identify a potential KPI that can be
obtained from the data.

The first and main result of this workthe definition of asimplifiedA Y RA OF 42 NJ F2NJ a NARS
consequence of longitudinal unevennesS G SNYA Yy SR o6& SadAYlFaGAy3a agSA3
indicators fromthe CAN Busglata ofthe test cars. It has been shown that it is possible to obtain
sufficiently good results for exploitation the near future.The results show that poor ride quisl

can be accurately detected, although some erroneous classifications were obsmrvedds 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 mbadn bemore than adequatelyevaluated

by using a probe vehicle approach.

Thus, the proposed method enables road network monitoriogoe achieved usingonventional
passenger cars, which can be seen as a supplement to prevalent road measuremeitig/wigith
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 gdieynformation

is not recommended for the preparation of a tender fparticular road works on a particular road
section andhere are some limitations that are wontof note. For exampleCAN Buslata are not
always available due to restrictions from the car manufacturans the presented methodwas
developedfor use n sports utility vehicles (SUVs). Future work must include the collection and
processing of data from different probe vehicles as wellimgroved algorithms to reduce the
guantity of probe vehicle datsypes used foprocessing.

Date:29/08/2014, Version2.1 8(78)
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The second result of this woikthe analysis of the feasibility to usenartphones to collect condition
data The observations indicated thétis isa promising techniqueHowever, many factors influence
the performance of the approach (e.g. technicapability of the GPS and the accelerometers inside
the smartphone). Wider scalapplication in carswill require deeper insight ito the data, its
collection, storage and distributiopefore putting it irio practice. Alternatively,the application to a
limited fleet of known vehicles with standardised smartphonesld be put in practice

Date:29/08/2014, Version2.1 9(78)
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1 LYGNRRdAzOGA2Y

Currently, road administrators collect technical data that are used at several levels in the decision
making processes fahe management of a road network anlde planning and preparation of road
works. Usually these technical data are colledtg®R S RA O {(+HB ROvKdiokir devices.

The technical data collected on a regular (e.g. yearly) basis over the whole roadketeasedo
supportthe managemenbf the road assetlt supports decision making on the prioritisation of road
worksandto evaluakt whether management levebbjectivesare beingreached. In particular, one of
the main objectives of a road manager asensure that the roagbrovides a good service to the road
user, which is sometimes referred to as an adequate level of road functior{fditya discussion on
pavementperformanceassessment and stakeholders needs, we referdf})[ One element of the
quality of the serviceprovided to the road user is the ride quality, or the road evenness when
expressed in a roatéchnical mannerin order to evaluate the ride quality, the road manageeds
to have a performance indicator (Pl)pgssing this property in a singgand relevantway €.g.on a
scale without units)ldeally, he KPIshould be monitoredn an objective way andas correctly as
possible express the ride quality as the user would evaluate it.

Currently road administradrsrely on the data collectedypically annuallypyRS RA O GBRO K&K A I K
measurement devices. However, ride quality can decrease at any time during the year. Increasing the
number of surveyson the network undertaken byd K AUBKOK ¢ Y S| a dzNBWStyai RS OA
reasonable option: these devices are rare, the measurements are expensive, the operators are highly
skilled the technical data are richer in information than needed fas gerformance evaluatiorand

the road network is too large for a weekly daily surveyThisreport discusses new measurement
techniquesconsideredn the TRIMM projectvith the potential to provide this information on a more

frequent basisat a reasonable costThe exploitation for asset management of the indicators
generatedby the measurement techniques is presented in the serieBRiIMMdeliverables 2.x. The

work on the CAN Bugslata performed in Task 4.5 @so beingpresentedin October 2014 at an

Australian conference[26].

1.1 Ride Quality: description of what will be thaddressed

WARS ljdzZhfAGe A& 3ISYySNrffte RSTAYSR o0& GKS LISNOSI
influenced by numerous factors such as pavement unevenness (e.g. vibration, shock), road
alignment, and noisein the car, lack of friction and hg conditions. However, he ride quality

addressedn this work will belimited to the presence of general roughness @8y y Sadaa ¢A 0K o
g1 @St Sy TR AHYSRR dzy S@SyySaa odzyS@SyySaa oAilGK aa
The aim of this work is to enhance theility to monitor road functionality by making retine ride

quality measurements with probe vehicleand to use this toprovide a KPI for high level asset
management that isuitablefor strategic decision makirgnd tosupport planning of a global poy.

We will not attempt to apply the method at the level t&chnical detail needed for the preparation

of a tender for particular road works on a particular road section.

Thework hasstudedK2 ¢ (2 O2YLX SYSy(d (@(2RIFI&Qa NEKARKYZBOKEZN
measurement devices with extra information gathered on a regular basis and on a large scale with a

fleet of dprobe vehicles ¢ KS S@I fdzr GA2Y 6AGK GKS&AS ySg avYSH
correspond to the ride quality as it is experienced bydaoisers.

Probe@dS KA Of Sa | NB @S KA Ofat& includifgtheir cuirény/ pdditibnii réotioa, laidi2 6 S

time stamp. Probe data also inclugladditional data elements provided by vehicles that have added
intelligence to detectehicle dynamigsbrake status, hard braking, flat tire, activation of emergency

lights, antilock brake status, air bag deployment status, windshield wiper status, etc. Probe data
FTNRY O@OSKAOfSa Yirée 06S 3ASYSNIiGSR o0& RSOAOS& AydS:

Date:29/08/2014, Version2.1 11(78)
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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 motioatd are not classified as probe data.

The probe vehicles under consideration TRIMMare ordinary, commercial camnd lorries The
measurements are made durirdpy to daydriving activities as they arecarried outby ordinary
drivers. The measurementseaperformed by sensors that are already included in the equipment of
the vehicles (e.g. by extracting data already available onCtABl Buén the vehicle) Alternatively,
data can be sourced fromensorspresent in the vehicle, but not physically install For example,
smartphones currently include many sensors that can be logged using a saipgileationinstalled

on the smartphone.By monitoring the experience of the smartphone sensors during a journey we
can gain knowledge of the experience of tiwehicle. However, as the smartphone is not
permanently and carefullyinstalled, there is risk of a lower level of agreement between the
smartphone data and the actuetle quality.

The road users will hawdifferent driving experienceslepending on the vahle in which they are

travelingp ¢ KS GNARS O2YF2NI ¢ R2Sa y20 2yfté& RSLISYyR 2
(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 elt Both aspects are n@bnsideredn this

work.

In summary, he goal of this work is:
1. Toreview the status of probe vehicle technologies for providing more up to date information

onride qualitythall OKAS@I 6fS gAGK OdNNByid aGaKAIK G§SOKéE
2. Using ample probe vehicle datge.g. fromCAN Busand/or smartphones)identify and
RSEAGSNI I YtL O2YLWziSR FNRY LINRO6S GSKAOE S RI
consequence of longitudinal unevenness) in a number on a scale.
3. Tolook for anindicatiod KI & G KS Yt L NBIFffte SELNB®BHSE & NAR:
opinionsof the passengers in the trials.
4, ¢2 f221 F2N a2YS LRaaArAofS O2NNBfliAz2ya 0S06S¢
indicators of whictit is said that they express comfort (safety).

The signitance of this work lies impotential for evaluating and interpretingCAN Busand
smartphone data: can we exploit the collected da delive a relevant KPI for road asset
management? In the case GfAN Buslata, we can immediately address the interpretation whereas
for the smartphone application we first must evaluate taecuracy of thecollection of datai(e.
repeatability and reproducibility).

1.2 State-of-the-art

A number of pevious studies have begrerformed worldwideon the probe vehicle approaciihe
work in Task 4.5 of TRIMM busldn several of these resultélere we give an overview of the
projects and publications related to the topic addressethia Task.

1.2.1 National and Europeanlevelopments

European projects
INTRO

Intelligent Roads (INTRO, EC FP6 project, finishe@0& &SS R
YSGK2RE T2NJ GKS YSI adNBYSyid. 2

Date:29/08/2014, Version2.1 12(78)
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Modern production vehicles are equipped with many sensors tostsai the operation and
performance of the vehicle. The majority of modern vehicles share data across different parts of the
GSKAOES dzaAy3a (KS a/d gANNBSIThiSCANSBuss & Simudidalion bus / ! b
and does not store any data. Howeyspome of the data could also be used for #é@e assessment

or could be stored for offline assessment of pavement condifitve. INTRO project held a few trials

with probe vehicles (cars and a bus) in Sweden and in the UK. In all cases a data acguoisivas
connected to theCAN Budt was observed that in urban areas the repeatability of the resalt not

very good whereas on rural roads the repeatabilityas 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, dving 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 diiveras
demonstrated that some relationship between poor surface conditind aregularities inCAN Bus
RFEdl SEAxAadao Ly GKS 'Y GNAFESZ adNRy3a O2NNBfIGA
[2YyIAGdzZRAY I E t NRPFAES £ NAFYyOSéE 09[t+x0d

The INTRO projed¢herefore demonstrated that data provided by standard passenger cabeft
GLINROS GOSKAOf S&a¢0 O2dzZ R 0SS dzaSR (2 ARSYyGAFe 20
0dzi KAIKE AFIKGSR GKS LINRPoOofSYad 6A0GK ayAksd @Bkl Ay (K
acceleration was missirfgom the probe vehiats (CAN Buslata)in the INTRO projeciThe variation

in vertical acceleration would probably give a better indication of surface defects than longitudinal or

lateral accelerationlNTRQecommended

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

1 Try toimprove the quality of the information gathered by exploiting the data of a high
number of passes of probe vehicleigthe samelocations.

Mobi-Roma

Mobile Observation Methods for Road Maintenance Assessments (Mobi-Roma,2010-2012,

ENR projectcf. [2): The project airad to develop an approach exploitifQAN Buslata in order to

complement measurements obtained with dedicated survey devices. The projecbbukperience
I3FAYSR Ay (UKS CAYAA&K-2007NE 29)Caind thie/ ERrbpRdn LBR T @rdject 6 H n N p
Gwh! 5L 5 9-P0AQ of [28).mmaddition, he9 dzNR2 LIS y LINE 2 S O d2019)dtich At S2/ |
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
projectsaimed at the collection of other kinds of data, but we mention them since they progtse

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 repite[3].

In the MobiRoma project, the objectivevas to bring together the data collected in the different
projects and to present them in a grapaicser interface. This includeghe use ofCAN Buslata for
evaluation of road surface condition (roughsse 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 th€ AN Buglata 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 struet(?0102012) 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 andthe measurement data from a fleet will therefore represent different responses for
different vehicles (cf. [4]).

University of Linkdping

At the University of Linkbping a study was conducted on the road roughness estimsitey
available vehicle sensofsf. [20]) Road conditions affect fuel efficiency and vehicle fatigue when
driving heavy trucks. Information abouhe 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 examingso#sbilities to usexisting
vehicle sensors for road roughness estimation. It also investigates what requirements existing signals
must fulfil to ensure reliable estimates. Two methods for road roughness estimatos proposed
usingarear axle levelensor and a simple linear suspension system model.

Smartphone app to measure bicycle paths

In another project at VTl in Sweden a smartphone application to be used to monitor cycle path
condition has been developed and tested. The VTI app was origdelBloped to be tested on

roads. It uses the smartpho@ethreeaxis 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 effedf variablemounting of the phoneds 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 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 thieeport, 0 K S -lalBALGL ¢ & dza SR T BsMbiliyK S F A N
to evaluate the unevenness of the roé@dvasstudied In the frame of Task 4.5. of TRIMiVe made

FdzZNI KSNJ dza S 2 F (0 KA datedih thiddbcimehta ¢gAff 0S RSAONAROSR
Projects in Austria

EbenrWLP

The Planograph, which is currently uded new work approval of evenness on Austrian motorways,
neglects manyimportant unevenness phenomendn contrast, he weighted longitudinal profile
(WLP)indicator is able to rate these phenomena adequately. The project BlieR (20112013)
analysa the consequences of a possible change of the new work approval mefttmmd the
Planograptto WLP. Recommendations for the introduction and its impact on asset manageanent
be derived from direct comparison of the two methods.

Further investigations on the 8ghted Longitudinal Profii@dicator

The goal of this research project was thdaptationof 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 asvell 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 could be achieved, which also includes reference
implementation.

Nitsche et al.[25] presents work on the roughness of a road pavement that affects safety, ride
comfort and road durabilityAs indicated earlier, aseful indicator for evaluating roughness is the
weighted longitudinal profé (WLR cf. [12) and this has alreadybeen studied for application in
Austria as presented in [13In reference[25] three machine learning modelare comparedfor
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estimating theWLPfrom vehicle response information, i.e. accelerometer and wheel spesd d
collected from common hvehicle sensorsThe three modelsan artificial neural networka support
vector machine (SVM) areirandom forestapproachwere appliedfor testing their dfectiveness in
estimating the key indices oNLR namely range and standard deviatiofhese three different
supervised learningnodels were trainedfrom a set of features extracted from vehicle response
simulations on accurate replications of roads with various roughness problems. In contrast to other
research, the modelwaere validatedwith measurements collected with a probe vehiclderesults

show that roughness phenomeraan be actually detectedThe SVMapproachproduced the best
results, althoughall the models achieved rather similar perform&adHowever,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 supmpdat to the prevalent road measurements with céistensive
mobile devicesThese results are the basis of further investigations made in the frame of Task 4.5. of
TRIMM, as described further in this document.

Projectin Belgium

SENSOVO

In the SENSOVO pfop i 6 da Sy a2 NByd 329y a@2NENJIi2dA[ BB RieimgOifors & £
March 2013 tillSeptember2014,the question addresseis whether the quality of the road surface

can be evaluated using data extracted from t8AN Busand compémented using smartphone
information, or from images taken with a Tireé-Flight (ToF) camerand a simple GPS device, and
under which conditionsan thisbeused S®3® i gKI i &aLISSRI dzy RSNJ 6 KA O
project concentratéd mainly on measuring theslipperiness of the road surface (due to water on the
road after or during rainfall) and gmotholes andhasevaluatal if cracking and ravelling caarlsobe
detected with the camera. Whered3AN Buslata can potentially be extracted from any vehicle, the
TaoF camera approach would need a fleet of velsdte 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 aito show the possibilitghat userscould be informed rapidly
about potentially hazardous situations.

Other

In other projects several iPhone and Android applications are available or under developmeat wher

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 andet has to launch the application. An
SEFYLXS 2F G(GKAA A& (GKS &8YIFINILK2yS LINR2SOGé¢ YSyi

In paper f] the horizontal and vertical accelerations measured with a smartph@ve beerfiltered
and interpreted in order to detect potholes when a ahives through them. The results adahat a
proof-of-concept of the approach.

In paper R7] information from integrated devices in trucksas beenused for detection of icy
slippery roadsin real time. Meanwhile this technique ibeing further developedand is allegedly
ready to be put in practice.

1.2.2 Initiatives outside Europe

Sudies related to the topic of Task 4.5 of TRIMM heeng performed Outside Europes well.In
paper [21] the 2dimensional accelerometer data from a smartphonsounted on a vehicle

v A LA =

dashboarchave beerdzda SR F2 NJ G o6dzYL) RSUSOUA2YEé ®

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 rohdsjicc
traffic (e.g., a lot of braking and honking), and a heterogeneous mix of vehiclgseiers, 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, andsPS sensors in these phones to detect
potholes, bumps, braking, and honking.

1.2.3 Discussion of current statef-the-art

From the literature review we can conclude that the general idea of the use of a vehiclofleeta
collection usingCAN Budata or a smartphone app, is waltcepted as promising and feasible.
However, applications for pavement condition assessment for pavement manageanenstill
missing. Collecting data is no longer an issue, but quality control of the data, (lack ofjnityifin

the formats of available data (in the case @AN Buglata), 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 Appli¢eon of Fleet Monitoring

The approach of data collection by a fleet of vehicles equipped with existing or additional and
preferable lowcost sensors is different from the use of a small number of dedicatedexpensive

G K A 3 K méasi®rient devices. Here we discuss the particularities of fleet monitaeagrdless

of whether the data come from th€AN Buses of normal vehicles or from a smartphone appis

also was the basis for information exchanged with the partners involme@ork 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:
T 2KSGKSNI GKS RIGF Ydzad-0p$Sé O2NX Db§ So8yfddaf 68
exampleon a daily or weekly basis,

2

1 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 caimclude

1 Network condition monitonng 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 vathishort 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 pothelasd other rapidly developinglangerous
defects(due to surface characteristigs3 the primary area for realme 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 basiBor instance, the fleet could detect deterioi@t of
longitudinal evenness over time and help to orient the measurements with a dedicated high tech
survey vehicle. The effect could be that the specialiseniveyvehicle no longer rato be used for

network monitoring. It also implies that the data go2 & KI @S (2 06S F @FAftl o6t S
some postprocessing can be execut®n the data in a central ddbase.

As different purposes will give rise to different scenariosach scenario will have itewn
requirements and will present particular allenges. These challenges can be the needifferent

I communication technology between the fleet vehicle and its environment
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1 data storage and management
9 interpretation and translation of the data in exploitable information.

The first question is which data are needed for the different objectivies alarm functiomeedonly

warn about the existence of a potholeom a certain size onward (e.g. the minimal size that
provokes danger to the road usersihe exactdimensions of he potholemay beirrelevant and thus

the monitoring system must only report on the exister2ef & & dzF T A OA Sy.(Forghe f || NAS ¢
deterioration of longitudinal evenness oveme, it is not sufficient tomeasureonly the existence of
unevenness: thevenness must be quantified with sufficient precision in order to isgevolution

after it occurs.

1.3.1 Advantages of Fleet Probing

The particularity of fleet probing consists of the use of standard-frugensors that already produce

data for some other purpose than road monitoring. The standard fuitensors are not calibrated

FT2N) GKS LINRRdAzOGA 2y 2 Ffthé Ifghly piedise Madidatedirzey VebicleadTie G KS Ol
precision of the data delivered by fleet probing cars may not be very high. On the other hand, the use

2F  gK2fS FtSSG 2F LINRPoAy3 OF Niueltdhe ofeitifiort £ & & | |
manyrepeat measurements over the same location, in contrast to a single annual survey

Onlyafew of the data on theCAN Busf a standard vehicle are available in a standard format. For
most of the data on th&€CAN Busthe format in which they appeas dependent on the brand of the
car and may even be different for different models made by the same car manufadtioeever,

with the help of car manufacturers it should be possible to add or modify standardifs#nsors so
that they could performin 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 quesfitiow car
manufacturers and road managers can find a common roadmap to an industrially sfutces
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
passage®sver a particular length of roagk.g. daily), much more often than the numberpafssages

(e.g. once every other year) with dedicated, highly sophisticated monitoring devices. In this way, fleet
probing can be considered aslativelyinstant, reajtime monitoring. The bottleneck in fleet probing

is rather the communication of the infmation 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 ram@nd 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 makescoaodidion
monitoring costly. This type of condition monitoring cannot be repeated at high frequéhsy, he
dedicated survey vehicles cannot cover all types of roads. Usually they are only used on the main
roads and on motorways.

Twoapproachesnay ocar for a fleet of probe vehicles

1 A fleet of ordinary vehicles is equipped with cheap measurement devices that are not
calibrated before a measurement campaighhese devices are meant for collecting
information used by microcontrollers that@part of the vehicle. However, thiaformation
is then collected for other than the original purposes. An example of this situation is the
extraction of data from &£AN Busf a vehicle for use in road management.

T ¢KS FtSSG O2dA R Itaz2 06S S|dALWSR gAGK Yy | RR.
sensory device thaheedsto be calibrated before measurements can take place. This for
example is the case @in AIT smartphone applicatiofnot used in the framef the TRIMM
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project) where the smartphone must be calibrated in order to avoid offsetdnaprrect
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 walimplementingthis approach woulgrobablybe to equip an existing
fleet (for exampletaxisin 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 ofHioneever the precision of

the measurements with an individual fleet vehicldikely tobe 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 temporarigwoidingobstacles that were only present when one of the two
vehicles passed by. The veh@lsensors 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
posttreatment phase in order to enhance reliability of the collected data. Alsorelative 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 praddcles, it becomes apparent
GKIFG GKS@& ITNB O2YLX AYSYdl NE NI GKSND corkparg the®2 Y LIS G A
vehicles to each other:

9 The introduction of a fleet of probe vehicles will allow regular (almost daily) surveys on the
whole ndwork 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.

1 The information needed by the agsmanager depends on the level of asset management
planning: a strategic high level indicator might very well be derived from the gtataded
by a fleet of probe vehicles whereas the technical indicators for pavement management or
project leveldesign(preparation of the technical specifications of a tender for local road
works) need highly accurate data typically collected by dedicated survey vehicles.
¢Fal nop GKSNBF2NB | RRNBaasSa GKS RS@St2LISyd 27
afleet of probe vehicles.

1.3.2 Difficulties with Fleet Probing

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

1.3.3 Hurdles to beovercome

An issue raised in the INTRO project was the integrity of the data. The privacy of the drivers of the

fleet vehiclesneeds to be maintainedThe ownership of the data may also cause difficulties. The
GO2NNBEOUGySaaé¢ 2F (GKS RFEGF FYyR GKS NBaLR2yaArAoAf Ad
another point to be addressed when implementing such a large scale monitoring system.

Concermng 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 gquestion may arise about the ownership of the data o€A&N Busf a vehicle. Preliminary
information is that the car manufactures see the data as a busioppsrtunity and may offer the

data for a cost. Also, communication of data to some external data retrieval location implies costs. A
business case for applicatiomsth benefits for a road administration and the road users must take
these aspects into account.
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¢tKS aO2NNBOlySaasd 2TANBUSARYEEH BBZ NAFASRRTRR NI I LI
the vehicle since they are not meant to be used in that widye 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.

¢CKS GLINRPLISNI&é AaadsS Aa y2i I KEyRAOFLI gdkSy | 6o
(iKS OSKAOES o068 G(GKS NRIR 2LINIG2N®» 2KSy GKS aof !l
FIFAyad LFaYSyd o66G2 F NRFR 2LISNI G2NDE 02 NNBOGy S
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0S8R 2y LINRoS RIGI

Currently, road administrators collect longitudinal evenness data with dedichaigdtdtech survey
vehicles and express the resultsinga technicalparametersuch 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) atistough a customerservice for remarks and complaintghe
technicalparanmeters obtained from regular buinfrequent data collections with dedicated survey
vehiclesare often used for road management. We are not aware of any case in which the results
from inquiries are used in asset management and influendexsionmakingon priorities for road
works.

Potholes are usually repairegs 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

YIe KIFI@S al3Syita¢ oKz2asS dFrata O2YLINRAS GKS NBLR
information used by the road operator consists of information from road users indicating the
existence of a pothole at a certain location.

When defining ahighlevel indicator (KPI) for asset managemeaiming for strategic decision

making oneshould besbaseitupz Y & NA RS |j dzI f peSpective falN&pectation dédhs NI &
user as one of the stakeholderdyence,i KS o06Saidi OK2AO0S ¥F2NJ G2RI&Qa Y
derive an indicator from the inquiries rather than from the technical parametetewever, these

might be considered subjectiwéews and need a large sample to be robUsterefore we see a fleet

of probe vehicles as a potentially more appropriate means of collecting more objective data from
GKAOK I YtL F2NlderNddRS ljdzr t AGeé¢ O2dzx R o085

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 standasdof different users.Task 4.5has addresed the
development of a KPI faizd SNE Q SELISOG | GGANRYIER oQipbNCERANDINQdd byt & T 2 N.
a fleet of probe vehiclesTwo types of user expectation indicatwave beerdeveloped. The firdhas

focused on general ride quality. The secohdsconsideed local defects affeahg user perception,

specifically potholes.

To develop the general ride KPI the resedraktaken the following steps:

I Undertaking dta collection with probe vehicles on nine roadctions with different
evenness levelgthree located in Swederthree located in Austriaand three located in

Belgiun).
1 For practical reason$é probe vehicles @re not the same in the different countries:

0 The probe vehicle in Austriaas a BMW Estateof AIT, from whichCAN Buslata
were extracted and whiclwas equipped with a complementary accelerometer and
smartphone

0 The probe vehicle in Swedemass aVolvo X of VTI, from whichCAN Buslata was
extracted and whiclvasequipped with a complementary vigzal accelerometer and
smartphone

0 The probe vehicle in Belgiumawa lorry of BRR€ontaining asmartphonewith the
applicationdeveloped byTI.
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o0 We are aware that the quality (confidence bandwidth) of the KPI may be influenced
(and improved) byhe treatment of alargenumber of datastreamsobtained from a
large number of probe vehicles but this asp&aimot be practically addressed
within the size and tim&ame ofTask4.5 of TRIMM

f  Analgorithm has beenused toO2 Y LJdzi S G KS Yt L ¥ NW®evantigipmlS 3Sy y S
that thiswould take data collected by the probe vehicles as an inputandld probably be
developed based on the experience wjthevious ride quality parameters, in particuliRl
and WLP. A value for the Kivhsdelivered for each blockf 50m long in the road section.
Other block sizesould have beerconsidered(e.g. 100m or 1000m). In each countrya
questionnairewasdistributed to a small number of road userghowere asked to drive over
the road sectionsn their countryd ¢ KISNIIAAAYA 2 y & ¢ 2vilere ofaredi@ theR  dza S N.
proposedKPl.

1 Hence Task 4.5 has delivered a general ride qualityKPl based on an evaluation of
Gf 2y IAAGdzZRAY | | dad &pré&sey &y @anlser o & scaletfram 1 to 5.
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3 Existing Pachmeft@trt sRoad Evenness

3.1 Existing Technical Parameters fgeneral evenness

Many different technical parameters for the evaluatiofiroad evennesare used around the world.
A comprehensive list of technical parameters dige Europe can be founth the database of the
COST action 354vailable through the wepageof the action,[30]).

Some of the most notable technical parameters for road evenness ardrternational Roughness
Index (IRI),wave band analysis as in UBelgiumand Francelividing the unevenness in three wave
bands representing short, medium and long unevenrasd a summary of the profile frequency
components We discuss in more detdie technical parameters that are reguly used by BRRC, AIT
or VTI. Fie IRl used in Swedéy VTIthe éNotespar. | Y RS a ¢RNBOWs&ISrEFrancandthe
¢Evenness CoefficietEC) used in Belgiumby BRRGs well asthe dPower Spectral Density
analysis (PSD)for which its importance has decreaseth the light of the recently developed
dweighted Lagitudinal Profilé (WLP)now used in Germany and Austitig AIT

Usually these technical parameters are computed from profile measurements obtained with high
technological dedicated measurement devices such asdhe/ | f @ 8 SdzZNJ RS (ARNB FAE S
4 dzi 2 Yl GA O wRARAN, RbafdSTARRSEISRSE (Road Surface TesRrgfilograpretc.

The road profile can be seen as an input wave that can be decomposed as a sum of standard
sinusadal waves by Fourier tranformation. Each of theasuremat 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 withthe measurement devices into technical parameters can be
categorized in the following way:

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

9 Parameterised computations on the raw data evaluation the geometrical properties (e.g. the
family of EQ& 0 2NJ SYSNHSGAO LINPHBNGA SEl O ¢AIGNIIKRSH S
rise to a member of the family of technical parameters,

1 Analysis of the wavelengths and their distribution in the recorded wave profile (e.g. PSD and
WLB.

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

Gl dz-QIISIN® | O2YLINBKSyaA @S § Evelithoughthie ARBhgsbedriwgll 6 S F 2 ¢
studiedin the USA and by the World Bardf. (9], [10]) the IRI is stihe subject of research, as

reported in [11] for instance.

A small value for the IRI represents good evenness. However, the IRI is mostlycadiusntwo
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. Therefere be expected

that the IRI represents well the human feel of unevennessthgiveslittle indication of the possible
cause othe unevenness.

The Belgian Evenness Coefficients

The definition of the evenness coefficienG{EEombines two operations:

A The sliding avege technique which introduces a filter, and
A 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 indicatpeach member being characterised by two parameters: base length B
for the slidingaverage computation and reponig 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: 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.

Froma theoretical point of view (see [6], availalbaly A y 5 dzi OK 2 NJ CNBY OKUO (GKS
GKAOK . f < f n. K2fRas O2yiNADTHE oick gflehgth &I Y A F A
only appropriate if E >.2B.

¢KS TFI YAf @& geometrivdl evaluatdi @ Se dvenness of the road surface ariSEC

B=2p YO OFy 068 O2NNBfl (SR (2YYBNE dADL NBued sl R 3 K di
members are used in a standard way in Belgiasnthey are mentioned in the standard tender
specificationsfor road works the EGsm (B=2,5m) mainly evaluates short wavelengths in the
longitudinal road profile, Ben (B=10m) mainly evaluates waves of moderate lengths, artDMC

(B=40m) mainly evalues long wavelengthskRecently theEGsm (B=Q5m) came into use for the

evaluation of bicycle paths in Flanders (Belgium).

¢tKS CNBYOK b2GSa LIN .lFIyRSa RQhyRSa

¢KS ab2GdS& LIN .FTyRS&E RQhyRS&a¢ o6b.h0 Aa I FlI YAf
(moderate wavelengths), GO (large waveldsy. In France,he NBO isisuallycomputed from the

profile measured and registered by the APL (see also [7]).

In a firstinstance,the raw data profile is filtered according to a window of wavelengths. Three
standard windows are defined and determine the three indicators NI NBE@O and NBG@sO
200FAYSR FTNRBY GKS NIg¢g RIEGFD® ¢KS FAEOGSNBR LINBTFACL
the formula:

EBO ZEizl,,N aqx . (Ai)2

GAGK o0f201 bSyaid&LISA Ri End thémumberpfregistered input points N.
Block length E is 2@ for the BBOPO, 100m for BBOMO and 200m for BBOGO.Using predefined
tables, these energies are then scaledthe NBO. The NBO is a number between 0.0 and 10.0
without unit, with step size 0.5, expressingsbevenness wittthe smallest number

The Power Spectral Density analysis

The PSDs used for the evaluation of longitudinal unevenisassscribed in theSO standard 8608.

¢tKS RSO2YLRAAGAZY 2F (GKS NI¢ RFEGF LINBFAES Ay &L
dzy S@S Yy Saaé dakq @y eidatec®edi in thaS decomposition, which indicate a strong
presence of unevenness witha particular wavedngth. 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

¢KS AYRAOIFIG2NI OFtftSR GoSAIKGSR f2y3IAldRAYI L.
decomposition PSD. The WLP was developed at the University of Aachen, Gét@jaamyd also
studied in Austria [13].

The WLPevaluation method is capable of distinguistp between three different phenomena of
evenness (sedigurel), namely 1) general roughness, 2) (psedideeriodical roughness and 3)
singular irreglarities. Thisprovides assessment af broader spectrum of pavement condition than
by just using one indicator such as the IRILP is independent of vibration behaviour and speed.
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In order to obtain the WLP, the following calculations must be performed. The road puafile
measured with the profiler is segmented into sections with a lengtbQ@xnetres with a sampling
distance of 0.Inetres. In order to obtain a sample size ©f for a Fourier transformation, the
sections are enhanced to 2048 profile poigiwith overlapping segments before and after. As a first
step, the segmented profile nsti be transformed into the frequency domain. As proposed by
Ueckermann & SteinaueR@08) (cf. [12])the transformed profileU @ is then filtered by a fourth

order Butterworth highpass filter( with a cutoff wavelength, of 50m and maximum wavelenigt
, of 204.8metres, which can be written as E~ UE J E . The weighted spectrum is calculated
as: E : E O E,where the weighting function is given:by

o @ Qh m 0 pmcu
Oc¢nmtyoh pmceuQ ¢mtT Y

and

The purpose of the weighting function is to amplify single as well as (p9gedodical irregularities

in the profile. The road's wavinegsis a measure of the amplitude ratio between short and long
wavelengths of a profile and typically has values lestw 2.0 and 2.8, depending on road network
characteristics. By modifying, one can give special emphasis on short or long wavelengths.
Basically, the higher the proportion of shavave irregularities on a pavement, the higher the
waviness should be chose

The weighted spectrum is then separated into ten octaves, where each of these octave bands is
separately retransformed into the space domain. The overlaps of each single profile are cut off to
obtain the original section length of 58. Consequenyl, there are ten weighted profiled ;, with

p E p mwhose weighted sum results:in
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where A is the standard deviation. From the weighted profile, two characteristic values are
calculated: the range and stamard deviatiork 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 ratbr might indicate dangerous sections along a road, e.g. where the pavement is
damaged. Such single irregularities (e.g. potholes) are indicated by a kighey while roughness
showing periodical patterns produces a higiier

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 &sugiajCAN Buslata, 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 v(ange ﬁA-E"Eanq standard deviation j 'E;)E and thus welbuited as output format of a

aYlFI OKAYS fSIENYyAYy3I Y2RSf ¢

3.2 Existing Technical Parameters fBotholes

Potholes and their severity can be quantified by their size and déysttan example of this, we refer
to the cataloge ([19]) of surface defects of the &hish NRA (Belgiumyhereone finds an indication
of the severity ofpotholes based on their depth and on the Igast horizontally measured size
(transcribed inTablel).

Tablel: Severity of Potholes (as irLf)])

Severity Depth Longest size
Light <2cm <10cm
Average 2¢4cm 10¢ 20 cm
Severe >4 cm >20cm

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 usedraf
managementof the pavement assetn the latter case, potholes are oftd¢aken into account as one

of many possiblesurface defect¢ Ly (GKS OFasS 2F GKS ta{ aeadasSy a=.
taken into accountout is combined with several other visually detected defectgiea & @A a dz- €

Ay REEA).
Ly GKS FAYyFt NBLRNIL 2F /h{¢ F+tOGA2Y opn wonbé LIk

z A

OF(iS3A2NE HéD ! f GK2dAK (GKS& FTNB y2i dz&aSR Ay @K §
appear as one of the defects that could contribute to ehtgical parameter of surface defects.
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4 Data CollectioneSysbemgsesand

As noted earlier in Section 2, the test drives were carried out using probe vehicles containing either
smartphone orCAN Buslata collection methods or both, and across thissparate countries. We

also obtained reference data using user questionnaires. The data collection is described in this
section.

4.1 Smartphone Application

¢CKS &YFNIHLK2YS | LI AOIFIGAZ2Y LINPOARSR o0& +¢L A&
smartphoneusing the android operating system mounted in a vehicle. The app not only exploits GPS
location and 3Eaccelerataneter data collected by thesmartphone it also takes pictures during the

the test ride. However, some requirements have to be fulfilled far app to work properlyfirstly

installation and secondly software compatibility.

Requirements for themartphoneapproach to be mounted in any vehislere:
9 Stiff smartphone mounting kit, placed right behind the windshield and oriented so as to take
Gt I yRaOl LIS¢ iNFe ogoicSigure2JA O i dzNB a
1 Power supply.

Figure2: Smartphone as mounted during test drives in Sweden

Some requirements on the smartphone itself are neetled ¢St f Ay 2NRSNJ 2 06S |
We tried out the VTI app on smartphones of several brands and tyfjesapplication was installed

and tested onvarioussmartphones of the Samsung brand at BRRC. The installation and functioning

of the VTI ap was successful on:

1 Galaxy s3 mini android 4.1.1
1 Galaxy Fame android 4.1.2
However, the app did not function well on oth8amsungmartphones:
1 Galaxy Xcover android 2.3.6: sland GPS very slow
I Galaxy GIO android 2.3.6: GPS very slow and sonse bug
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1 Galaxy mini Android 2.3.7: bagnd too slow
The version othe Androidoperating systentould be at the origin of the problems.

At VTI, tests with different types of smartphones led to the conclusion that the appedbdst on a

Sony Xperia or onlwigher specificationrSamsung. The accelerometers have different specifications in
different smartphones and are prioritized differently the operating systenirhe GPS specifications

vary also and shouliieally be of high quality Ultimately tis 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 drawbackisce technology and performance is changing rapidly.

Although inthis work wehave not thoroughly stuékd the influence of the type or the brand of
smartphone on the data collected with smartphone on the rqads are aware that there is an
influence. Alsdhe speed at which the vehictiriveswith the smartphone on board and the (sudden)
variation in speed may very well have an influence on the data collected. But tgsimasnot been
thoroughlystudied in this work.

In Swederonly a Samsung Galaxy Il smartphone was used. A stiff holder of good quality was used
(IGRIP TA263, http://www.igrip.us/t5-1263). For the experiments in Belgium and Austria the
smartphones were mounted in shi@ 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 vehiclesGCAN Bus

Both probe vehicles from whic@AN Buglata were collectedwere cars dedicated to research.
However, in almost all modern cars and trucks acce<aAN Buslata is available and therefore the

use of these cars dedicated to research are in no means a restriction for future implementation of
the approach.

Spring Deflection

Figue 3: the car used at AIT foEAN Buslata collection

The probe vehicle approaan the test sites in Swedemas an adaption of AlT's, used on VTI Volvo
XC70 cars.

General hardware requirementadt all wasavailable in the Volvo):

CAN Busccess

Optional, but helpful: One external accelerometer mounted in the car
(D)GPS receiver

In-car data processing unit and storage

=A =/ =4 4 =

12V adapter for power supply

Date:29/08/2014, Version2.1 27(78)


http://www.igrip.us/t5-1263

TRIMM
Deliverable D4.4: Monitoring Road Functionality in Real-Time with Probe I HlMM
Vehicle Data

Data requirements for theCAN Buspproach during tests in the TRIMM project

Table2: Minimum required data set

Data Unit Source of the data Comments
Synchronised All signals need to be
. e.g. ms .
timestamp synchronised
GPS coordinate . Optimal: Antenna on the rog
(long/lat) decimal + DGPS +IMU. The more exact theetter
I Optimal: Not fromCAN Bus
Longitudinal m/s? but from external

acceleration
accelerometer

Optimal: Not fromCAN Bus
m/s? but from external
accelerometer

Vertical
acceleration

4 wheel speedg rad/s or

/ rotation rate | km/h FromCAN Bus

Drivingspeed km/h FromCAN Bus
Reference measured by common
profile data - profilometers(not from CAN

(true profile) Busdata)

The recording of igh quality GPS locations are especially of |mportance in the experiments done

during the TRIMM project since i A& 2yS 2F G(KS 0 8S O3 wsat Si2 Ri2{
YSIadaNBYSyiGa 20GFAYySR FTNRY aK)\EIK G§SOKE¢ YSI adz2NBYS
C2NJ I FtSSG |LILINRI OKZ ay2i a2 SEI OG¢é¢ LRaAAGAZYAY

F OOS LI 6f S aRSyatadDadsdtio@atker ugetul dixa for the determination of the KPI is
an issue to be addressed.

Table3: Desirable additional parameters for data set

Data Units Source Usage
Steering wheel necessary taetect
an gle degrees CAN Bus sudden movements tha
9 might affect the classifie
Brake pedal state necessary to detect
(pushed/not 0/1 CAN Bus sudden movements tha
pushed) might affect the classifie
Accelerator pedal necessary to detect
state (pushed/not 0/1 CAN Bus sudden movements tha
pushed) might affect the classifie
Clutch pedal statg necessary to detect
(pushed/not 0/1 CAN Bus sudden movements tha
pushed) might affect the classifie
necessary to detect
Gear 0-5(6) CAN Bus sudden movements tha
might affect theclassifier|
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Could be an indicatdo
m/s2 detect ruts or other
lateral irregularities

Lateral
acceleration

necessary to detect
Engine speed rem CAN Bus sudden movements tha
might affect the classifie

FromCAN Busr
Yaw rate degrees heading from
GPS

The car (type, model) also influences the (qualityGRN Buslata. However, the thorough study of
this parametemwasout of the scope of this Task.

4.3 Test Drives

This section presents a brief summary of the test drives. Further detmié provided in the
Appendices

The testdrivesin Austria were performed with the probe vehicdown inFigurel19 in Appendix
A2.2.Acomprehensive measurement campaign with the probe vehicle was conducted in the area of
Vienna, Austria. In total, approximately 88 km of road were measured, from whigm5®ere on

the motorways and 2%m on urban roads. It was ensured that these datzuded very rough to

very smooth pavements to get a representative sample. For urban roads, the measurement speed
was around 5&m/h, for motorways around 80 km/h.

Rderence data was collecteth Austriawith a high level road monitoring system an inertal

profiler, which gathered data regarding the longitudinal evenness of the road surface. From the
longitudinal profile data, the reference WLP data was compuiée. sophisticated orboard data

acquisition systentoes not alter the vehicle dynamics anketefore the data collected from the

CAN Busire identical to the data that would be collected fromtBANBu® ¥ 'y a2 NRAY | NB €
the same brand and type. The data collected from @#N Busf the probe vehicle used for the test

drives is representave for the data that would be collected using a fleet of ordinary vehicles (of the

same brand and type).

AL

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

Afurther 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 witthe probe vehicle equipped witdifferent smartphones running the
application developed at VTDuring 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 measuremeosampaign was performed on three selected test sections,

Date:29/08/2014, Version2.1 29(78)



TRIMM
Deliverable D4.4: Monitoring Road Functionality in Real-Time with Probe I HlMM
Vehicle Data KL

each section with a different level of evenness. More details regarding the Austrian test drives can be
found in Appendix 2.

For the Belgian testthe smartphone application of Viwas implementedby BRR®n board an
ordinary van (a VW Caddysee Appendix 1andin a lorry(see Appendix 4)At both field tests in
Belgium,referenceevenness measurements were made with the APL. These resulted in values for
the evenness indices IFCand NBO.

In Sveden, VTI organised a field temt eightroad sectionsombining evenness measuremen@AN

Busdata collection and data collection with thesmartphoneapplication To collect test datahe

VTlapp was used on all sections in a Volvo XC70 and dats GIAN Busvere extracted too.

Reference data was collectedith the Laser RSTesulting in measurement data of rut depth, IRI
(evenness) and MPD (macro texture). For the user questionnaienty-eight people, all employees

at VTl but with variousexpertise from administration to road experts and from both sexes,
participated as passengers fiour minivans.The passengers were asked to answer to questions 1, 3

and 4 of the questionnairgsection4.4)andg SNB I f a2 +Ftal1SR G2 SadAyYldsS
depth, IRI (evenness) and MPD (macro textufejnore 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 hitggch 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 sectionst KS a 002 Y LI y A S Ris @chamwif $d weldbcudhdNt@dl O K
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 managient purposes (see deliverables of EXPECT [Bhi¥. 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
passenges and were asked to reply on a set of 4 multiple choice questions after they passed over
SFOK 2F GKS p (Said asoiarzyad ¢KSasS G4Said asSoiarzy
different smartphones and by the APL of the BRRC.

The questions and @sible answers were:

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

Very Good

Good

Average

Rather bad

Very bad

7. Awful

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

o0~ wN

1. much better
a bit better
similar

a bit worse
much worse

ok wn
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1 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

1 Question 4: Doyou 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 indicateal lbginning 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 thel $esbride in Belgium.
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5 wSadzZ 6Ga&a FNRY G(KS ¢Said 5NA@Sa
5.1 Review of data collected

During the test drives, several types of data were colledtedifferent means.Thefollowing gives
an overview of the types of datmollectedat the different locations.

Sweden
At the test sections in Sweden, we collected

I The reference evenness measumsith the Laser RST. This mifilthction measurement
vehicle collected longitudinal evenness (expressed in IRI), macro texture (expressed in MPD)
and rut depth (in mm)Seveal vehicles were useftbr carrying volunteering passengeas$o
completed ride quality questionnaires

1 Thesmartphoneapp was used as well at@AN Buslata were collected with the Volvo XC70
car of VTI.

1 Answers to the questionnaires (extended versimeye given by 28 volunteering members of
the personnel of MTseated in 4 vansThe volunteers weremales and females, road
engineers and administrative people. But the major paohsisted ofengineersinvolvedin
roadand pavement research.

Austria
At the test sections in Austria, we collected:

1 TheCAN Buwith the BMW car of AIT equipped with several measurement systems used in
different research projects.

The vehicle was also equipped witsmartphone{ | Y& dzy3 DI f I E&@ { o NXzyyAYy

Several passengers who answered to the questionnaire were installed in the car during the
data collection fromth&€ANBug ¥ (G KS OFNJ FyR gA0GK (GKS &l LILE @

1 The reference evenness was measured with the inertial profiler ofdmeecar.

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

1 reference data on evenness measured with the APL
9 scores with thesmartphoneapp of VTI using two different types srhartphones,
1 answers to the questionnaires by several volunteering passengers.

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

In Wavre thesmartphoneapp was used in the towing car (arl@a 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 tG&N Bus

Both in Austria and in Sweden data were collected fromG@#dN Busf a car. The transformation of
the CAN Buslata into an estimated WLP value was performed at AIT and therefore an attempt was
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made tomake 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 requirertsefor 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 laci sufficient uniformity, harmonisation or standardisation@AN 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 carggrto
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 everal types bsmartphone were equipped with the same \App and installed in
the same vehicle. This was done in several vehicles in Belgium (a car and a truck). Thisualkowed
study the repeatability and reproducibility dfie smartphonemeasurementsprovided bythe VT4
app, as illustrated ifFigure5 and Figure6. We observed that the repeatability is quite good when we
usal the same martphone in the same vehiclélowever, the type of smartphone and the vehicle
influences the results significantWe observed that the app installed on different smartphones may
give some different values (or scores) although the tendency in the datamitar. This can be
explained by the different types of accelerometers built in ingheartphones. Also thequality of the
GPSdata from which the distance between two consecutive measuremesitdetermined, will not

be the same between two types smatphones. 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 shmrtphoneapp registers how the vehicle
suspension react$o the unevenness of the road.
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Figure6: lllustration of reproducibility: two smartphones (Fame and S3)tive same car

Also the smartphone must be properly fixed since otherwise the results are unreliable. We illustrate
these observations in appendices 1 and de 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 accelerometersibuiitthe 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 unevennesspeessed by IRI, EC, NB@IP or other
technical parametes from the smartphone data. However, we did try to understand if the
measurement data collected with the Vapp on the smartphonesvas influenced by the
(un)evenness of the road. We therefotempased the IRIresultsin a graph against the smartphone
data. We observed a rather good correspondence between some of the data collected with the
smartphones and the IRk can beseen inFigure7, where we put the IRI (after scaling and averaging
over road blocks of 100m long) on the same graph as the score determined by tivelagh 20 and
100m blocks Thisis illustrated inrmore detail inappendices 1 and 4.

IRI vs smartphone (Best case)
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Figure7: Best case of similarities between IRI reference data amdartphoneapp scores

It was observed that the distances between consecutive gatats collected with theVTl-app vared
significantly In the tests in Belgium the stegize varied between 1m and 30rithis could be
overcome by doing a more robust interpolation procedure of the distance. The GPS delivers positions
at 10Hz (at the best) while the accelerometizlivers data up to 1d8z. Bymaking an improved
resampling procedure the data could be better synchronized with required section lengths.

The orientation of the smartphone in the vehieles not important since the app makes use of three
accelerometers inside the smartphone and ibrients the coordination frame so that the output
score produced by the app reflects the real vertical acceleratwits respect tothe 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 experiencwith the smartphone appve conclude thatbefore 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 he components of different smartphones and tiwe properties of vehicles.

{2YS 2F UGUKS AyO2y@SyASyOSa g¢gAfft LINRolofe 0SS 02dz
data when implemented in a large fleet of vehicles. But then this also needs fumtestigation. It

would be easier if some of the smartphone components would behave in a standardized way. In

work of VTI oudide 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 dficycle 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 th€ ANBuk I G4 I I yR GKS a+¢L | LIJXE aKz2dzZ R
road comfort since they collect 3&ccelerationsin the case of the V¥pp the accelerations are
combined in order to determine the acceleration vertical to the road.

The vertical acceleration computed by the Mpp 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, abruptKk 2 NAT 2y G+t & | OO0OSt SN
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identified as such and may be a further opportunity for future studies on theseqldaugh beyond
the scope of this Task.

In the experience in Sweden road users (passengers) were additionally asked to estimaty ttieectl
values of IRI (longitudinal evenness), rut depth and MPD (ritaxtare) and the estimates were
compared to the measured values of these technical indigéhough these passengers were all
personnel of VTI, they did not all have a clear understamdif the technical parameters IRl, 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 monitoritMen looking at the indices
individually, ve 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 IRllepth and MPD and we
compare the values of the combined indicator computed from the estimated détathe 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 Figure8. 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 indere detailson this
experience can be found in Appen@ix
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Figure 8: Relationship between measured reference data and user perception
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to observe some relationship between them. The insight gained from the additional Swedish
questionsleadsus to believe that thesmartphoneapp is proneto cap dzNE |y S @ f dzZt GA2Y
O2YF2NIié¢ & SELISNASYOSR o6& NRI R -tzitudeNdtheordaddd § & Sy 3 S
surface. Further investigations are needed for a firm confirmation of this first observation. In these

further investigations (whichare ouside of the scope of the TRIMM project) one should also
investigate in more deptkhe reproducibility of thesmartphonescores.

When comparing the answers to the questionnagiigen by the road users (passengers) in all three
countries on all testitkes 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 tbeortexture of the road

adzNF I OS gKAES GKAa Aa Ay LINI GKS 2NRIAY 2F GKS

5.5 Interpretation of smartphonescores

Much of data wascollected with thesmartphoneapp 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 KPlbased on the collected
smartphonedata.
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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 teenartphonel LILJ Ay 2NRSNJ 2 S@I tdzZ S
This belief i®ased upon the following observations:

1 The repeatability of the measurements seems sufficiently good whesratphoneis welt
installed in the vehicle,

f ¢KS NBLINPRdAzOAOATAGE 200FAYSR Rd2NAYy3I (KS GSai
improvenment or ways of controlling the differences obtained from different types of
smartphonein different types of vehicles as soon as this can be controlled in a dedicated
fleet,

1 There seems to be a rather good match between some osthartphonescores, answs to
the questionnaire and reference values for the longitudinal evenness although there might
be a better match when the macttexture isalsotaken into account.

Theseunwanted sideeffectsare also potentially less significant whtre smartphonewith the app
is puton a fleet of bicycleand then used for the evaluation of a bicycle path netwdilkis idea of
VTl was put in practice by them in another project.

5.6 Pothole detection

When executing the tesfiriveson 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 detectiomherefore,it was impossible to develop a KPI expreggime
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 potholesakated to the nature of the vehicles: expensive and
aSYaAridAdS YSI &dzNB Y S yfrim dévingzkhrodigiSpstiioles that oduddotexnimlR £

damage the equipment. A second reason was that drivers naturally try to avoid driving through
potholes (@ 2 AY G2NRAYIFNE @SKAOf Sat¢0d aiAyOS RNAGAy3I {f
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. Fimum own experience in the frame

of the TRIMM project, we can conclude that & better detection of potholes fror@AN Buslata or

smartphone data, it would be interesting to study the detection of sideward movements of
avoidance, lateral acceleration anaraking. Also large data sets including sections with actual
potholes must be used for validation of the detection approach.

From the literature v can note thathe detection methodswe investigatedall look promising but

that they willalso give falseagatives and/or false positiveBor instance, inqper [22] thedetection

of potholesis considered using acceleration data from smartphones and two different approaches
are presented: one for vehicle speedelow 25km/h and one for vehicle spesdabove 25 km/h.

They studiedhe zpeak heuristic proposed in [23d1f vehicle speed above d8n/h and suggested

the new heuristic sus. Both have their own thresholBetection of potholes wittCAN Buslata and

from Timeof-Flight cameras was also the topictbé SENSOVO project in Belgium and results of that
project will become available before the end of 2014 {efvw.vim.be for updates).In both these
cases, pothole detection turned out to be quite difficitowever, m both these cases the emphasis
was on the detection techniques rather than on the development of afé&iRdothole presenceA
possible way dealing with this is the exploitation of a large data set of gathered fleet data that should
giverisetoaKPlexgigd A Y 320 KS AGRINR 2F LR IK2ES LINBaSyoSe o
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As mentioned in Chapter 1, ride quality is related to dynamic vehicle response caused by longitudinal

road evennessFigure9 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 datameasured by a laser profilometglower part). As explained irChapter4.2 probe

vehicle data in TRIMM compris€AN Buslata, accelerometer and GP&dings.Snartphonedata

has not been used for this approach.

Figure9: Methodology

6.1 Reference data for ride quality

The reference data for road evenness were collectgith an inertial profiler. Inertial profilers are
dedicated devices for determining the longitudinal profile of a road. The system consists of two
components: a laser triangulatiomeight sensor with a vertical resolution of 30um and an
accelerometer witha resolution of 54Qug on a rigid platform. The measurements are done in the
right wheel track. Both sensors are sampled with a frequency ldfi4d, which leads to a horizontal
resolution of 1.6cm when measuring with a constant speed ofl@0/h. The operéing principle of

the inertial profiler is as follows: the vertical acceleration is doubly integrated over time and provides
the inertial position of théheightmeasurement device in motion. The displacement measured by the
laser sensor is subtracted frothe inertial position. The result is the profile of the road in the time
domain. The signal is transferred to the spatial domain and fpass filtered to a wavelength range

of 0.5 to 50m according to the definition of unevenness in EN 13836he profié is then further
processed to compute the WLR.e. the range 3 and standard deviatior( as itstwo
characteristic valuesas described in Secti@l. Since the test tracks used for this work have a high
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