VTI rapport 1251A

Road surface monitoring equipment
evaluatio n 2024 in Cologne

The duraBASt test

Thomas Lundberg

Peter Andrén

Vi



Om inget annat anges ar publikationen lgerad enligiCC BY-SA 4.0,
@ @ @ omslaget omfattas inte av licengémless otherwise stated, the publication is

licensed undeCC BY-SA 4.0, the cover is not included in the license.

Translateditle: Utvardering av utrustningar for vagytematning 2024 i KibtluraBASttestet

Author. Thomas Lundbergv/TI, Peter Andrén, VTI

Reg. No., VT12024/029€9.1

Publication VTI rapport1251A

Published by VTR025


https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/

Publikationsuppgifter i Publication Information

Titel/Title

Utvardering awtrustningar fovagytematning@024i Koln i duraBASttestet/Roadsurface
monitoring equipment el@ation2024 in @lognei The duraBAStest

Forfattare /Author

Thomas Lundberg (VThlwww.orcid.org/0008000298930067)

Peter Andrén (VT Iwww.orcid.org/000800024317635])

Utgivare/Publisher

VTI, Statens vagochtransportforskningsinstitut
Swedish National Road and Transport Research Institute (VTI)
www.vti.se/

Serie och n¥Publication No.
VTI rapportl251A

Utgivningsar/Published
2025

VTl:s diarienr /Reg. No., VTI
2024/02969.1

ISSN
03476030

Projektnamn/Project
Test av vagytematning pa duraBASt 20Rdad monitoring test at duraBASt 2024

UppdragsgivareCommissioned by

The Norwegian Public Road Administration

Agency for Roads and Traffic (Flemish region, Belgium)
TrafikverketSwedish Transport Administration
ASFINAG (Austrian publicly owned corporatipn

Finnish Transport Infrastructure Agency
Rijkswaterstaat (the Netherlands)

The Danish Road Directorate

Road and Motorway Directorate of the Czech Republic

Sprak/Language
Engelska/English

VTI rapport 1251A


http://www.orcid.org/0000-0002-9893-0067
http://www.orcid.org/0000-0002-4317-6351
http://www.vti.se/

Kort sammanfattning

Denna studie utvarderar den tekniska prestandan hossgikam fovagyteméatning med sarskilt

fokus pa derasaliditet och repeterbarhe¥agytematningar avgorande for effektiv

underhallsplanering och kraver tillforlitiga samt heltackande data om vagarnas skick. Moderna
trender betonar insamling av flera typer av data vid ett och samma tillfalle, vilket 6kar effektiviteten,
minskar miljopaverkan och sker kostnaderna.

De testade systemen delas in i tre kategorier:
1 Profilometrari Anvander vanligtvis linjelaserteknik for profilering och sprickdetektering.

1 Mobile mapping (omradesmatning)Anvander ofta Lidaskannrar och kan anvanda antingen
terrangmodeller eller kombination av punktlaser och accelerometrar for profilméatning.

1 Uppkopplade fordonssysteimBaserar sig pfordonenssensorermonterade extra
accelerometrar eller datainsamling via smartphone.

Utvarderingen genomférdes vid testanlaggningen duraBASt, enligt metoder etablerade av svenska och
finska vaghallningsmyndigheter. Validiteten bedémdes genom att jamféra deltagarnas resultat med tva
referensermatningar mededikerade referenssystem satgenomsnitt av deltagaas esultat(med
undantag fouteliggard. Repeterbarheten utvarderades genom att berédkna standardavvikelsen mellan
upprepade testkérningar.

Viktiga tekniska resultat:

1 Mobile mappingsystem uppvisadedstvaliditet och repeterbarhet fbuvuddelen av
variablernamed vissav profilometranasom nadde liknande resultat.

1 Uppkopplade fordonkar generellt samre dverensstammelse reftend jamforelse med de
andra kategorierna oatksasamre repeterbarhet (indikesvhdgre standardavvikelse).

{ For International Roughness Index (IRI) nadde neabiappingsystemen 8% validitet och
0,13mm/m i repeterbarhet, vilket totalt sett var béttre &n de andra kategorierna.

1 Vad géller langsprofilen visade alla system god 6verensstammelse med referensdata for
vaglangdsbandet 4 till 10 meter; prestandan forsamrades utanfor detta intervall.

1 De flesta system uppfylide repeterbarhetskraven enligt sadmakfor méatning av
langsprofil.

1 De flesta system uppnadde noggrann positionering (latitud, longitud, hojd), med avvikelser pa
endast nagra centimeter.

1 Korfaltsbreddsmaétningarna var mycket precisa, med de flesta sygsteanterade ett resultat
inom en centimeters avvikelse fran referensmatningen.

Sammanfattningsvis presterade samtliga testade system relativt val, memmaggingsystem gav

de mest robusta tekniska resultaten bade vad galler validitet och repeterbarhet. Profilometrarna
presterade ocksa bra. Uppkopplade fordonssystem, a&ven om de var mindre precisa, erbjuder praktiska
fordelar forgod tackning och efiekvent datainsamling.

Nyckelord

Systemjamforelse av vagytemataFest av vagytematnind/iobile mapping testTest av uppkopplade
fordonfor vagytans egenskaparagyteegenskaper
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Abstract

This study evaluates the technical performance of various road monitoring systems, focusing on their
validity and repeatability. Road monitoring is crucial for effective maintenance planning, requiring
reliable and comprehensive data on road conditionslekotrendemphasizeollecting multiple

types of data in a single pass, which increases efficiency, reduces environmental impact, and lowers
costs.

The systems tested are divided into three categories:
Profilometerd Typically use line laser technology for profiling and crack detection.

Mobile Mapping Systemis Often employ Lidar scanners and can use either terrain models or
point laser/accelerometer combinations for profile measurement.

1 Connected Vehicle SystermdRely on vehiclesensors, additional accelerometers, or
smartphonéased data collection.

The assessment was conducted at the duraBASt test facility, following methods established by
Swedish and Finnistoadauthorities. Validity was measured by comparing participant results with
two references: dedicated reference system measurements and the average of all participants
(excluding outliers). Repeatability was evaluated by the standard deviation across regeated.

Key technical results:

1 Mobile mapping systems demonstrated the highest validity and repeatability across most
parameters, with some profilometers achieving similar results.

9 Connected vehicle systerd&l notagreewith referenceasgood aghe other categories and
poorerrepeatability(indicated by higher standard deviatijpn

1 For International Roughness Index (IRHe mobile mappingategoryachieved 81% validity
and 0.13nm/mrepeatabilityjn total a betterresultthanthe other categories.

1 Interms of longitudinal profile,lbsystems showed good agreement with reference data for
thewavelengthband4 to 10 meters performance declined outside this range.

1 Most systems met the repeatability requirements set by Swedish standards for longitudinal
profile measurement.

9 Accurate positioning (latitude, longitude, height) was achieved by most systems, with
deviations of only a few cemtieters

1 Lane width measurements were highly precise, with most systems accurate to within one
centmeterof the reference measurement.

In summary, while all tested systems performed reasonably well, mobile mapping systems provided
the most robust technical results for both validity and repeatability. Profilometers also performed well.
Connected vehicle systems, although less precise,mtietical advantages for widespread, frequent
data collection.

Keywords

System comparison of road monitoring equipm&aad surface monitorirtgst, Mobile mapping
test, Test of ®nnected vehicléor road monitoringRoad surface characteristics
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Summary

Road monitorings the major source of informatidar maintenance plannirig many countriesRoad
monitoring includes a lot afisciplines and techniques. The key issue for a road admiiustratto

have an accurate picture of tstandard of theoad network today, and the coming three to five years
In addition to accuracy, the information should provide a sufficiently comprehensive picture of the
road's condition to determine where, when, and how the road shomldit@ined

A test like the duraBASt test requires a lot of plannifgs study can be divided intwine phases.
1. ldea phasé considering the feasibility and practicality of conducting a test.

2. Budgeting and financing phasestimating the costs of carrying out the trial and securing
commitment from clients and participants to support the project.

3. Detailed planning phagethoroughly planning all activities, including logistics, equipment,
consultants, ifhouse staff, as well as liaising with duraBASt and participants. This stage also
involves a site visit to duraBASt prior to the test.

4. Reference measureménthe reference measurement should ideally be conducted as close as
possible to the participants' arrival.

5. Test executiofi managing logistics regarding when participants should measure, adapting to
weather conditions, maintaining contact with participants, and ensuring contingency days are
included in the plan are all extremely important.

6. Data deliveryi a set date for data delivery, providing feedback on the delivered data, and
allowing participants to correct obvious errors in their submission.

7. Analysis and troubleshootirigerrors in the submitted data are often identified during the
analysis phase; some can be easily corrected, while others cannot be adjusted.

8. Reportingi the project as a whole must be describedsamdmarizedn this phase, which is
often underestimated in terms of the time required.

9. Presentatioii the results are presented; from the outset, this project was presented at the
Erpug conferencm Lisbon Portugal 2026vww.erpug.org).

Undoubtedly, phases 3, 5, and 8 are the most demanding. Convincing the client of the project's
importance, both for the organization and the industry as a whole, is alwaysatiguaning process.
Adverse weather conditions affected the execution of the test, necessitating a revision of the program
schedule and utilization of contingency days. The reporting process has proceeded satisfactorily,
despite numerous revisions and reviews of the reshiésc(rrent result version is 33).
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There are many more parametersdasiderfor a client commissioning a measurement (e.g. a road
authority):

9 Safetyi can the measurement be carried out safely, without disturbing other road users?

1 Environmental aspectsan the measurement be carried out with amini of
environmental impact?

9 Production speed are the measuring system or systems able to carry out the measurement
assignment in the specified time?

1 Processing speddhow quickly can data be transformed into information about the road's
condition andbe utilized in daily operationfmaintenance planning

9 Costi is the result from the measurement eeffective and competitive compared to other
alternatives?

9 Accuracyi does the measurement meet the quality required by the client?

This study considers only the technical quality ofgibeticipating systems, without revealingpo
producedwvhichresult Only the participants know the code for their own syst@rasompare the
performance of various technigues, the systemergamizednto three categories: profilometers,

mobile mapping systems (based on the method used to assess the transverse profile), and connected
vehicle systems. The profilometer category is relatively uniform, with most participating systems
employing line lasetechnology for transverse profiling and crack detection. In the mobile mapping
category, Lidar scanners are commonly usemheasure the transverse profile, while the longitudinal
profile can be derived either from the terrain model generated by Lidar data or via a "profilometer
technique" using a point laser combined with an accelerometer. The connected vehicle category
encanpasses a wide range of techniques, which may inutivdnga v ehi cl edés own sens
collection, mounting additional accelerometer sensors on the vehicle, or incorporating sensors and
cameras from smartphones.

The test was conducted following procedures established by the Swedish Road Administration and the
Finnish Transport Infrastructure Agency. The primary goal was to determine system accuracy

(validity) and assess repeatability. Participant results relatealitity were compared against two
references: one from dedicated reference measurements using the Swedish National Road and
Transport Research Instituteds (VTI) systems, an
companiesTo eliminate atliers, only data falling within the central portion of a particular variable

were considered. Specifically, the average was calculated using the middle 50% of the data, excluding
the lowest and highest 25% of valulsthis assessment, both references were found suitable for use.
However, the method using tparticipatingsystens asreference is not recommended when there are
fewer than eighto tenparticipants, due to the increased risk of biagfarenceThe tests conducted

in this study utilized the 2ftheter average values for each variable as input Bafzeatabilityis tested

from the standard deviatiarf the repeated ruret 20-metersection sizeThe goal was to do ten

roundsof the test track, but becausetioé weather and tighime schedulesome participants only

managed talo eight repetitionsThis doenly affect the tesiarginally. This test was carried out at
duraBASt a test facility administered by the Bundeanstalt fiir StraBen und Verkehrsvesen (BASt).

Four sections were used in the tests, which made it possible for the measurement of all sections to be
carried out in one round around tiest facility.

The result is predominantly goosthen compared tthe requirement limits used in Sweden and

Finland Manyof the testegystems meet these limits. In Sweden and Finland, these tests are carried
out on public roads, on selected sections that cover the normal measurement ranges for the variables
being tested. The conditions at the test facility duraBASt were more challéehgmthe equivalent on
public roads, mainly due to the severe unevenimessesection The validity and repeatabilityesults

of thethreesystem categoriesrecompiled inTable1.

10 VTI rapport 1251A



Tablel. Validity and repeatability: overall average results per category fPofilometers, MM
mobile mapping, CV connected vehicle).

Validity Repeatability

P MM CV P MM CV
IRI 73% 81% 50% 0.18 0.13 0.60
Rutdepth 3.2m 79% 75% 0.15 0.12
Sliding Wire Rut Depth 2.0m 74% 90% 0.15 0.09
Crossfall Regression 96% 99% 0.07 0.02
Hilliness 100% 100% 0.05 0.02
MPD 70% 43% 0.03 0.04
Latitude* 39% 87% 0.39 0.07 0.32
Longitude 0.21 0.09 0.61
Height 88% 100% 0.24 0.03

Overall, the mobile mapping systems perform best in this test, this applies to both validity and
repeatability. The systems with best performance in the profilometer category have results close to the
results from the mobile mapping systems. The conneeiitle categorghows the poorest

agreement witheferencaneasuremestandpoorerrepeatability. This was expected; the systems are

not as complex but on the other hand easy to usdatai$ oftencolleciedfrequently.Connected
vehicle(CV) systemaftenhave different objectives than traditional road monitari®yg
measurements amimarily aimedfor previouslyunmeasuredoads at network levéh developing
countriesongravel roads oin cities or at wintertime when normal road monitoring is not suitable to
do. To increase quality, crowd sourcing is usedditect multiplemeasurements at the same place.

The ability to give a correct IRlalue (International Roughness Index) while brealgtapping
accelerating (stopndgo)was teste@t one of the section$he stopand-go test shows good results
for the mobile mapping participants whereas profilometensnected vehicles and smartphones
systemaareclearly negativelyaffectedin such situations

The Power Spectrum Density of the Longitudinal Profiles steagbsystend ability to get

information about the road surface in the wavelength band between 0.2 up to 100 meters. All systems
have good agreement with the reference in the wavelength band 4 to 10 meters. Above and below

these boundaries the agreement is poorer.r8esyestems have, however, good agreement through the
whole spectrum. An additional test of the longitudinal profile has been dsimg theSwedish

control method for repeatabilit The same method is also used for validity in this test. The

repeatability results are generally good; most systems meet the requirements used inTheeden.

are also in

participantsé

Cracks have been difficult to analyze in defaila ¢ h

referenceneasurement jsrowever, good.

| ongitudinal

profil as

participating
compared to the reference across the entire measurement width of 3.8 meters, rather than at the five
predetermined zoneshe agreemenbetween the participating systeéins me a s uandthme nt s

measur emen

The task ofletermining thepositionof five objects in latitude, longitude and height shows very good

results. Most systems could position the top of a cone within a few centimeters.

! The longitude validity is not only done from the longitude, buhaslifference between the reference and
participants longitude and latitude.

VTI rapport 1251A
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Finally, the participantsdé ability topanechsure a
roadmarkings were placed at one of the sections. The average distance between the road markings
(18.75meters long) was compared with reference measurement. Most systemsdtanaggsure

Al ane widtho within 1 cent i meiswnygobdandmsefulldata. r ef er e
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and his work has been executed with thoroughness and professionalism.

Given another opportunity, I'd do this again, only better.
Linkdping, SwedenQctober 2025

Thomas Lundberg
Project manager

Granskare/Examiner
Johan Egeskog, VTI

The conclusions and recommendations in the report are those of the author(s) and do not necessarily
reflect the views of VTI as a government agency.

Publikationen godkand for publicering/Publication approved for publication
Lina Nordin,VTI.
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Abbreviations

MPD
IRI

PSD
Ref
Sys_ref
TermID
WLP

P

MM

Ccv

14

Mean Profile Depth
International Roughness Index
Power Spectrum Density

Reference established by dedicated reference measurement

Reference established by averaging the results from the participants

Numerical code for identification of variables. Ex. 1287 for IRI in right wheel track

Weighted Longitudinal Profile
Profilometer system category
Mobile mapping system category

Connected vehicle, smartphone aesponse system category
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1. Introduction

Roads play an important role in the means of transportation for our society. Regardless of the vehicle

type, truck, car, electric or powered by fossil fuel, vietictioning roads is a must. Thenualbudget

for construction and maintenance is very latgg his isnecessaryo maintain and improve the

standard of the infrastructure. In Sweddone about 0300 million is spent
the stateowned paved roadd he Swedish Transport Administration, 202@pnsidering this, it is of

great importance that decisions and prioritization of road management are based on objective, relevant
and correct data with known accuracy. Informategardingthe road surface condition and

deterioration over time is the most important informatmstrategically anguccessfly managehe

available resources. Therefore, it is vital to assess the condition of thé toddss t 6 s why accur e
reliable data is needed. The data should have the accuracy to serve the necessary purpose. Road
condition monitoring with profilometefsasbeen thegrimaryway for the roadperatorto assess the

condition, simply becauseitaccurate, cost effective and available. The data are used in pavement
management systems (PMS) to plan and prioritize the maintenance in maintenanfo ghans

coming yearsThe overall objective for the roagheratoiis to have roads that are safe, cortdble,

and designed and built to last for a long time.

A trend in road monitoring is to collect as much useful data as possible in one measurement. Take
Sweden as an example, the Swedish Transport Administration requires, beside the traditional road
surface monitoring, also monitoring of the road surroundivigfs Lidars and 36@amerasAs

systems continue to expand, the volume of data is rising exponentially. This process requires
sophisticated measurement systems and extensive data management. The data volume has become so
large that it can no longer be uptied via FTP; therefore, the current alternative is to transfer the data
using hard drives. The advantage of combining measurements, by doing multiple measurements at the
same time, is that it decreases the amount of driving required, thereby enharetingrshfeducing
environmental impact. Additionally, the cost of a combined measurement is lower than if two separate
contracts were established.

In recent years, alternatives to profilometers have emerged, and Liad&l mobile mapping
systems are becoming increasingly accurate and more cababieonly being used to describe the
surroundings where the measurementsrade alsothe road surface has been a subject fohitje
guality measurements. Today several mobile mapping systamscarthe road surface with an
accuracy that no one believpdssiblel0 to 15 years agénother important complement to
traditional road monitoring is dataofin connected vehicles and smartphbased system3hese are
often systems with lessccuracyput the frequency of the measurements makes it interesting for the
roadoperatorgo fill the gaps between the profilometer or mobile mapping measurements, that are
normally done once a year evenmore seldomWintertime in the Nordic countrigs of special
interest to monitobecause of what happens whhaground frosis deep during the cold months
when profilometers normally cannio¢ used
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2. Purpose

This project has the purpose of gathering different types of road monitginigmentespecially
European systems, to establish the accuracy of different measurement techniques. The test will not
reveal the company names, only what type of system is connected to the presentedhesults.
systems are divided into three categories,

1. ProfilometerqP) 1 traditional profilometers normally with a combination of line lasers and
point lasers, but also systems with solely point lasers.

2. Mobile mapping system@®IM) i systems based on Lidar (Light Detection and Ranging)
whichis a rotating lasebased measurement system used to scan the surrounding of the road
and the road surfac8ince some systenmgavea conbination of Lidar angboint lasersthe
decisiveargumenfor selecting system category has bdetype of equipment used for
transversal evenneds$ Lidar is used for assessing transversal eventiessystem will be
placedinto this category.

3. Connected vehicles and smartphone sys{@w3 1 Connected vehicles uses the standard
sensorglata in the vehicle to calculate and describectmalition of the road. Smartphone
systems have the same princiglds use the sensors in the phone to assess the road
condition.This category alsocludesrespons@&vennessgeasuremenvhere external
equipment isnounted andisedto assess the variables.

The purpose is to describe the overall performance of all systems bimdisdual performancéor

the categories described above. @halysis of theperformance will be divided into three tests,
validity, repeatability and speed dependenelgich will decide the essential components for a reliable
measurement.

The benefit®f this test for the roadperatorareto get objective and reliable informationthe

performance of different types of road monitorewuipmentThe information could be used in the
procurement process to set requirements for the services and to get inspiration and knowledge about
the available systems on the market. Furthermore, new variablegrhetused, could be detected.

For the equipmerandmeasurement providethe teskervesas a benchmario see howonesystem
performs comparetb other systems of sankénd butalso compared with other systemtegories

The test also provides information about requirements in the procuring process used by the Swedish
National Road Administratiowhen selecting supplidéor the road monitoring service at network
level. This gives information and inspiration when setting up or participating in similar arrangements.

The test will also give aimdication ofwhat to expect when buyirgguipment oaservice to assess
the road surface conditipeither using avell-establishedechnique onew techniques like mobile
mapping and connected vehicle and smartphone systems.

Finally, the progress of tHeuropean standardizatig@EN) will benefit from the results of this test.
The data, conclusion and reports provided by the duraBASt testing \aitl imeportantnput to
European standardization and the testing can be seen@arprative work for this. The purpose of
the CEN standardization is to open the European market and prevent trade. béietgcome of
the duraBASt tess an importansource of informatiofior standardizatiodevelopment ifcurope
and other parts of the world
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3. Method

There are fundamental properties that must be met for a measurement to be usable. The data measured
must yield a result that describes the function or characteristic the user expects it to describe, with
sufficient accuracy for its intended purpdsadeqate validity. Furthermore, the equipment and

operators must be able to reproduce the results from repeated measurements under the same conditions
with satisfactorily consistent outcomieadequate repeatability. If the circumstances of the

measurement medhat data is collected under varying conditions, such as speed, pavement type,

moisture, etc., it is necessdoydefine the conditions under which measuremenistbe conducted

speed dependency. Another aspect, which we have not been able to test at duraBASY, is
reproducibility; that is, a supplieros mokeility t
than onameasurement system.

Three tesmethodswill evaluatehe participants.

Initially, validity will be assessed by comparipgrticipantresults tawo referencesspecialized
referenceequipmenfrom VTI (the Swedish National Road and Transport Research Instiutehe
averageperformancef the participating companie&n intervalsurroundinghe referencealues is
applied to evaluatthe participant data/alidity is measured as the percentagéhef20-meteraverage
valuesthat yield results closely aligned with the referefidas is further described ichapter7.1

Secondly, repeatability is assessed to determine whether the participant's measurement system and
operators are capable of producing consistent results across multiple runs. Repeatability is measured
by the 7% percentile ostandard deviationf®r repeated®0-meteraveragevalues This is further

described in chaptét.2

Finally, speed dependencyevaluated by calculatintpe percentage difference between gwverage
values of all measuremeritskenat 30 and40 km/h.Variables withboth negative and positive values
are evaluated with the absolute difference betvileemesults in the different speedis is further
described in chaptétr.3.

Therequirementsisedin technical testduringprocurement proceduréy the Transport
Administrationsin Sweden and Finlandill serveasa benchmark for the participating companies.
The requirements can be foundAinnex 1.
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4.

Sources of error

Every measurement is made under a specific condition which leads to errors. Even the best system and
operator produce small errors. The systems are also more or less sensitive to how the measurements
are made. The test section itself can also be mors®plene to measurement errors depending on

how the vehicle has been driven. Especially the lateral position has an impact on the results. This
shows even though the test track at duraBASt is homogenous built with very small variations in the

transverse dection. The reference measurements are done static or at very low speeds, from walking
speed to 15 km/h. This gives a solid reference measured at the correct lateral position and data with
small errors.

In the original description of the test the coordinate system was specified as DE_DHDN / GK_3
(EPSG:31467). The correct coordinate system for the location of duraBASt should have been
DE_DHDN / GK 2 (EPSG:31466). All coordinates delivered in DE_DHDN / GEn@ WGS84 have
been transformed to DE_DHDN
(seegdal.org. The heights from satellite positioning have been delivered in two formats, the
orthometric/geoid height accordingid=_ AMST_2016 / NH and the ellipsoidal height, as given by
GNSS receivers. The GNSS heights have been transformed to orthometric height by subtracting
46.624 meters (the difference between geoid and ellipsoid heights at the test site). Some variables was

ddivered with the wrong starting point by the participants, meaning the longitudinal matching with

/

GK_2 with the

soft

reference is poor. The data has been adjusted when there are obvious errors made. All adjustments
have been checked with the following criteria: does thestefjudata give a better agreement with

reference (better validity result)d f

Below are the major sources of error presented.

18
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Lateral position introduced by the driver.

fi yhe adjastment is approved and done.

Some of the participants in the connected vehicle category assesses evenness as an average of
left and right wheel track. The reference is always measured in the right wheel track.

Incorrect longitudinal start position.

Measurement sensors out of range because of the bumps at section A.

Short acceleration phases before start of measurement, sections B and D.

Less than ideal measurement conditions, because of moisture and rain. (The participants did

decide when the condition was ok for their system.)
Different satellite conditions during the test period.

Coordinate translation from one system to another.
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S. Measurement arrangements

5.1. Testtrack - duraBASt

DuraBASt (vww.durabast.deprovides the possibilities to test road monitoring equipment. The
facility has several sections with different features to test the most common variables used for
assessing the road surface condition. The complex is operated by BundearnSted#n und
Verkehrsvese(BASt). Operating at duraBASt requires you to follow the security instructions
stipulated by BASt. All operators and visitors had to carry out a safety briefing before entering the
site. Each participant had to wear a safety vest and safety shoes €elittagt), and the test was
supervised by BASt personnel. The maximum allowed speed at the test track is 60 km/h. However,
some of the sections apely suitablefor a maximum speed of 30 40 km/h, depending on the

vehicle usedFinally, the vehicle should have reflective signs on all sides of the vehicle.

The test facility enables tests of different variables at different parts or sectiorgjsed. Every
vehiclewas planned to deightto tenrepetitions at each section, evenly distributed at two different
speeds. The low speed was 30 km/h and the high speed 40 km/h. The maximum speed was set to 40
km/h because of the heavy bumps at one section and short acceleratiophage after turninthe

vehicle at other sections. This was not an ideal speed range to investigate the speed dependency.

Figure 1 Overview of duraBASt. Picture source: www.durabast.de.

The numbers shown fRigurel refers to:

Longitudinal evenness (not suitable for high speed)
Transversal evenness

Skid resistance

Cracks

o > w D kE

Texture
6. Road markings

Figure2 andFigure3 below showpoint cloudpictures of the four test sect®used in the test.
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Figure 3 3D data from sections C (left) and D (right).

5.2. Participants of the test

At the outset, 28 systems were scheduled to participate in the test. However, due to various
circumstances, several participants withdrew, resulting in measurement dat® frani@pants

being analyzed: ten systems in the profilometer category, eight in mobile mappifigeand

connected vehiclgghe category connected vehicle also includes smartphone solutions and response
systems)

The participants thialelivered datavho are included in the analysiss
CV Equipment Vectra (NextRoad groupyo systemgFrance)i P
Norwegian Public Roads AdministratigNorway)i MM
GRID (Czech Republichy MM

Roadscanner@inland)i MM

Université Gustave Eiffel, three syste(fsance)i 1 P, 2CV
VARS (Czech Republic) P

Ramboll (Swedeni) P

XenomatiX @elgium)i MM

Nordic Geo Center (Finland)MM

Univrses (Sweden) CV

Austrian Institute of Technology (AlITAustria)i MM

Sina ASTM Group (ltaly) P

NCC Infrastructure (Swedein)P

=A =4 =4 =4 4 4 -4 4 -4 -4 -4 -5 -4 A

Danish Roadirectorate(Denmark)i P
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ARRB Systems AB (Australia) CV
Fugro (Netherlands) P
LeicaGeosystemgSwitzerland)i MM
Geodrom (Czech Republi¢)MM
Mercedes Benz (Germaniy)CV

VTI (Sweden)i P

The systermaredescribed irAnnex 3 Thesedescriptions arevritten by the participats

=A =4 =4 =4 -4 =4

5.3. Measurements

Fourtestsections were usddr the test. The validity of the variables, described belbable2), was

only testedn some of the sections. However, the repeatability was tested using data from sections A,
C and D. Section B was short and it was difficult to get up to the right measuring speed at the start of
the section.

Table2 Reference measured variables and sections.

Section | Variables (reference Figurel Comments
measured) description
A Longitudinal evenness, 1 Used for variables
hilliness, position, texture, IRI,Rut Deptls, crossfallMPD Hilliness
transversal evenness and Mega texture Position Height and WLR
crossfall andLongitudinal profiles
Length used 240 n§100 m for Position and
Heigh).
B Cracks 4 Used for variables
Cracks

Length used.20m.

C Transversal evenness, crossfg 2 Used for variables

hilliness, longitudinal evennes IRl Rut Deptls, crossfallHilliness WLPand
Longitudinal profiles

Length used 180 m

D Texture, lane width, objects, | 3 Used for variables
wide transverse profile, IRI,Rut Deptts, crossfall, MPDMega
transversal evenness, crossfa texture, Position,Height andWLP and
position, longitudinal evennes Longitudinal profiles
Length used 260 n§100m for Position and
Height)

5.3.1. Reference measurements

Reference measurements were conducted prior to participant measurements. All reference data were
collected and analyzed using \@ In-housesoftware.

Longitudinal evenness

The longitudinal profile is determined through an integrated approach utilizing both a total station
(locatedto the left inFigure 4) and the Primal device (located to the righEigure 4). The total

station records elevation data atrh@ter intervals along the test section. Between these points, the
Primal continuously acquires profile measurements as it moves, capturing data every 4 millimeters. By
synthesizing the highesolution measements from the Primal with the -b@eter interval data from
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the total station, a comprehensive fAtrueo refere
establishedqseeFigure5). This profile serves as the basis for calculating the reference IRl and WLP in
accordance with EN 1303&2019(CEN, 2019) The reference longitudinal profdeare usually high

pass filtered and convertémm meters above sea level to millimeters.

Figure4 To the left, the measurement of 10 m points with total station. To the right, the Primal
collectsa profile value every 4 mrRhotos: Thomas Lundberg and Lan@orper, VTI

Section C.
47.85 T T T T
—_ * Total station
E The longitudinal profile
5 478 —
[0
T
47.75 ! 1
0 50 100 150 200 250
Distance [m]

Figure 5 Reference longitudinal profile from test section C.

Transverse evenness and crossfall

The transverse profile is measured using the XP8 methodKigure 6) with seven LMI Gocator
2375 sensors across a 3.6 m width. Data is combined with a GPS receiver and inertial measurement
unit (OXTS Survey+) to align the profile to the horizon for crossfall calculations.

Figure 6 VTI-XPS, reference for transversal evenness and crosBfadto: Thomas Lundberg, VTI.

A transverse profile was obtained every 0.1 m along the longitudinal axis, with a 1 mm sampling
interval in the transverse direction. Five measurements using{P¥lwere conducted within the test
section. The centre of each transverse profile was aligosatding to the recommended lateral
positioning for the section.
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Texture

Raw data from a Selcom 2208 32 kHz optocator were obtained along the right wheel track, situated 75

cm to the right of the vehicleds centre | ine, as
pulse transducer was employed to align the measureinghts longitudinal direction. The reference

device, VTIPTT (Portable Texture Tester), operates as a-pasted trolley, as illustrated Figure

7.

The texture profile used for calculatiMegatexturevas acquired with a profilometdfigure8) at an
interval of dx = 0.9 mm, maintaining the same lateral position applied for macrotexture measurements.

Figure 7 Reference equipment VPITT for macrotexture profile measuremeiioto: Linda Corper,
VTI.

Figure 8 Reference equipment VMIRP for Megatexture Photo Nicklas Mattisson, VTI.

Hilliness

Every 4metersalong the roadk centerin the proposed lateral position, a total station records height
data, forming a relative profile.
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Positioning

Vehicle position

A total station was used to measure points at 20 m intervals along the proposed lateral position in the
center of the roadlhe total station locations were georeferenced using a GPS receiver with RINEX
corrections. The same approach was applied to measure the reference points for,

M lane width
1 objects,

1 wide transverse profile.

Wide transverse profile

The wide transverse profile was assessed by measuring its endpoints with a total station, while the
section between these endpoints was supplemented using the Phisgives aix meter wide
transverse profile with a profile value every 4 nthe same satp as used for assessing the
longitudinal reference profile

Object position

The cones were positioned adjacent to one of the test sections, with some placed near the lane and
others at varying distances. Reference measurements were conducted using the same method
previously appl i ed Thecabrdinatesi(X, & and) ireicaped thei cénteo n . 0
location at the top of each coagthe referenceA total of five objects were utilized in this setup.

Lane width

Lane width detection was evaluated on a section where temporary yellow tape markings were placed
at four points, each simulating a different lane width,Fgare 9.

BT e -

Figure 9 Temporary road marking used to define lane width. Photo: Thomas Lundberg, VTI.
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Each segment of road marking measured approximately &8&#5sn length. Using the total station,
the inner position of the road marking was recorded at four distinct pgiatsed every feters
along each segment, as illustratedrigure 9.

—1¢ o b
(o]
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N
(o
<o
—
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N—r

Figure 10 Eight measurement points for defining lane width.

Cracks

The reference for crack measurement involved aoffine assessment of images from the crack
section geeFigure 11). Each image pixel corresponds to a 1x1 mm area. A 3.8 m wide section was
partitioned into 100 mm squares across five zones. Any square containing a crack was marked as
activated. The percentage of activated squares within each 20 m segment per zdressbere
reference metric.

Figure 11 The iroffice crack evaluation software. One 100 mm square is activated for the crack at the
right side of the picture.

The zones were defined as follows:

Zone 1 0 mi 0.7 m (0 indicating the left side of the road, closest to road middle)
Zone 2 0.7mi 1.5m
Zone 3 1.5mi 2.3 m
Zone 4 23mi 3.1m
Zone 5 3.1mi 3.8 m

5.3.2. Supplier measurements

Participants were instructed to cover all sections in a single loop. Each participant coatydksistl

eight repetitions per measurement sequence, using two measurement speeds: 30 and 40 km/h. The
driver was instructed to maintain a lateral position at the sections corresponding to where the reference
data was collected. To facilitate this, a guideline masked on the road surface at section A (see
Figurel?). At the remaining three sections, the driver was directed to centre the vehicle within the

lane, as the width of the lane was relatively narrow.
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Figure 12 Reflective tape at the start of section A and the guideline for transverse assistance for the
driver. Photo: Nicklas Mattisson, VTI.

The start of each sectiovasdefinedwith a trigger to ensure a good synchronization between the
reference data and the data from the tested vehicle. Some systems used photocell and reflector to
accomplish this. The reflector (reflective tape) was placed on the pavemeripg{a®d 2) at the start

and end of each section and the trigger signal from the photocell is used to identify the start and stop
of the sections in the data stream. Other methods with equivalent accuracy could be used. The
measurement sequence was done in thewolp order, section C, D, A and B.

The measurementgerecarried ouduring5 days, with a total of@tested systems. The
measurementsereconducted between October 9 and October 15, with a break during the weekend.
Originally there were 28 systems registered for doing the test, but some gave a late cancellation, and
some could not deliver the data because of other circumstances.

The participant could choose to deliver one or more variables from the measurement.

An additional t-aslgo @ afsen ovtaisom dlei thyst ophi s situat.i
during a measurement. One section was selected where the operators were instructadlirtorstait

speed and at a certain point of #eetionstop the vehicle and accelerate to a normal speed again. As

the maximum speed of the test was 40 km/h the speed variatidimited.

The identity of the participants will not be revealed. Each participant was assigned a code (a capital
letter).Only the participant has this information, no one eGleapter8 gives information abouwhich
letter belongs to whichystemtype.

The variableshat could be deliveredredescribedn Table3.
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Table3 List of variablesand TermID used in the test.

TermID | Variable

1287 IRI right wheel track

3010 Longitudinal profile right wheel track
1025 Rut depth (3.2 m)

1035 Sliding wire rut depth (2 m)
3302 MPD right wheel track
3109 Megatexture RMS right
3030 Texture profile right

6000 Transverse profile

3000 Crossfall

1547 Hilliness

3020 WGS84 lat

3021 WGS84 long

3022 WGS84 height

4000 Lane width

4001 Object# (object number)
4100 Position lat

4101 Position long

4102 Position height

4200 Wide transverse profile
3030 Cracks

3800 2 [t

3801 2 [tk

3030 Texture profile (raw data) in right wheel tra
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6. Data processing

The target date for data delivery was 1 December 2024. However, VTI allowed later data delivery. All
participants have had the opportunity to review a preliminary evaluation of their results and based on
this, were given the chance to submit new data whihthen used in the final analysis.

The reference for each variable is calculated with eithboirse developed software from VTI or
independent thirgbarty software without any connection to the participants.

6.1. Reference calculations

6.1.1. Validity

Therearetwo setsof referenceto compare the resulfsom the participantawith dedicated reference
measurements as described inchapigb,and an average of the particip
calculations from the dedicated reference measurements will follow international or European

standard when applicablelf no standard is available, the methods used by the Swedish Transport
Administration will be usedTrafikverket, 2020)

The second reference is calculated as the average siffipéerresults between the 25and 7%’
percentilesor each 2@meter sectionThiswill eliminate the potential outliers.

It wasdifficult to achievethe correct measurement speed at some sections forpsotivgpantsthis

can introduce some disturbance on the longitudinal profile. The longitudinal profile from reference
and the participants has therefore been preceded by a high pass filter of 303 etetsr(

Butterworth forwarereverse) before the analysifhe filtered data is used for the control methasl
described in chapteis1.3and7.2.1 Wavelengths up to 100 meters were used irPtheer Spectral
Density(PSD analysisof the longitudinal profiles

6.1.2. Repeatability

The test of repeatability is done at2f@tersection sizeThe standard deviation is based on 8 to 10
measurements per participafihe 73" percentile of all 2@neter standard deviations will be used to
evaluate repeatabiliths a benchmark for the participante repeatability results are compared with
therequirements used in Sweden and/or Finliandhis test(seeAnnex1).

6.2. Speed dependency

The speed dependenajll be presentedsthe percentagand absolutdifference between the
averageesultsat speeds a0 and 40 km/h.

6.3. Reference variables

6.3.1. Longitudinal evenness

The longitudinal reference profile from the Primal hasrayitudinalresolution of 4 mm. This profile
is transformed to dx=100 mm. The transformed longitudinal profile is us&Bidcomputation and
calculation of the variables IRl and WLP. IRl and Waifecalculated according to EN 130362019
(CEN, 2019) The PSDwas estimatedo be usingVelch methodWelch, 1967with a99% overlap.

6.3.2. Transverse evenness and crossfall

A transverse profile is collected everyl On longitudinally with a sampling interval of 1 mm in the
transverse direction. The transverse profile is then filtered. To eliminate edge effects of the filter the
raw transverse profile is first mirroreBigure 13). The filtering of the transverse profile has two

purposes, to eliminate the effect of the texture and to get rid of noise in the sensor. The raw transverse
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profile is filtered with a 100 mm thrgaole low pass Butterworth filter (forward reverse). After
filtering, the middle 2 m of the profile is used to represent the reference transverse profile used for
calculation of the reference transverse unevenness variRoleBgepthand crossfall.

Figure 13 The blue profile is the original profile. The orange expansion is the mirroring.

From the five runs with the referensgstem Rut DepthandCrossfall is calculated every 20 meters
according to EN 13038:2025(CEN, 2025) The Rut Depthvarians usedarethe total transvers&tut
Depth with a measurement width ofZ3metersand the2-meterSliding WireRut Depth The

Crossfall is calculated as the regression slope of the transverse profilamédsurement widtbf

3.2 meterdCEN, 2025) Thereference idinally established atheaverage of the thraaiddle values
(min and max are excluded), ssagexample inTable4. The transverse profils represented by one of
the runs

Table4 Example of calculatingRut Depthreference value from five runs. Runl (min) and 5 (max) (the
outliers) are excluded before calculating the average (reference).

Runl Run2 Run3 Run4 Run5 Average used
as reference
(average of run
2,3,4)

1.33 1.40 1.45 1.50 2.10 1.45

6.3.3. Texture
The raw data is used to calculate MPD according to 1ISO 1B218.9(1SO, 2019)

Megatexture is calculated according to ISO 1387Z225(1SO, 2025) Megatexturawill be expressed
as an RMSvalue.

6.3.4. Hilliness

Hillinessis calculated as the average heidifferenceof the 20 m sectian The unit is %. The height
differencebetween thd-meterreadings from the total station areed to calculate the reference
hilliness.

Hillinessis expressed as a percentage and calculated for eanbt2@section along the section. The
height is measured every 4 meters, which gives fivesegiments per 20 m. For each subsegment, the
slope is calculated as height difference divided by horizontal lengtHillimess for 20 m is then
obtained as the average of the five-selgments, which is mathematically simplified to the total
height difference over 20 m divided by 20 m, expressed as a percentage.

Hillinessis calculated as follows (Formulg.
Let the height be denote@® at the distanc&®meters (wheré&is 0,4, 8,12, 16, 20,é é ) .

0 — 10 0 (1)
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6.3.5. Positioning

Vehicle position

The coordinates from the measurersatascribed in chaptér3.1lare used to establish the reference.
The start of each 20 m section is used to determine the refefércpoint at the road surface that
corresponds to the middle of tiiee h i iddaldérénsversal position is used as refereRoeexample,
each section hake start distance 1 andthe firstdelivered20 m vehicle positiorof the section has a
coordinate from section 0,rthe second deliveraghicle position should be at section@0and so

on.

According to the documentescribing theest, the coordinate system could either be DE_DHDN /
GK_3(EPSG31467)and the heights according to DE_ AMST_2016 / NH or WGS84. A more correct
coordinate system should have been DE_DHDN / BEPSG:31466)The evaluation has been done
with DE_DHDN / GK_2. Delivered coordinates in other coordinate systems have been transformed to
DE_DHDN / GK_2 using the software gdaltransfdnom the GDAL project (see gdal.otg)he

heights from satellite positioning have been delivered in two formats, the orthometric/geoid height
according tdE_AMST_2016 / NHandthe ellipsoidl height, as given by GNSS receivers. The

GNSS heights have been transformed to orthometric height by subtracting 46.624 meters (the
difference between geoid and ellipsoid heights at the test site).

6.3.6. Cracks

The reference for cracks was determined from high resolution picteeshe upper part bfgure14.
To analyze the crack percentagecarrlay maskvith 0.1 m squaresoveringa width of 3.8 meteris
attachedThe surface is divided intol&teralzones,

9 zone 1 and5, 0.7 meters

1 zone 2, 3 and 4, 0,8 meters

2 fiDuraBASt test version 3.6.palfnot publishedYlescribes the tegrocedures and was sent to the participants
prior to the test.
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Figure 14 Above, Igh resolution picture for manual office crack detectiorBelow, manually
registered 0.1 m squares with cracks.

All 0.1 m squaresvith acrack are manually registerezbe the yellow squarestime lower part of
Figurel4. The crackeferencaneasure is calculated as phercentagef registered.1 m squares per
zone &20 m section length.

In this testan average ahe percentage cracked surfacedihzoneds analyzed.

6.3.7. Wide transverse profile

The wide transverse profile should be 6,5 m and be described by 66 data points in the same coordinate
system as described in chapde8.5 The distance between each data point should be 0.1 meter. There

is a total of five wide transverse profiles, at predetermined sections (from the start of section D) 120

m, 130 m, 140 m, 180 m and 190 m.
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6.3.8. Position of objects

The centre of the cone top is positioned in the same coordinate system as described i6.8@apter
total of five cones should be positioned. The cones were placed close to section D, accOiatihg to
5.

Table5 The arrangement of the objects/cones.

Cone# Distance from | Transverse Left/right side
start (m) distance from
road centre (m)

Cone 1 29.5 145 Left

Cone2 | 66.6 6.4 Right

Cone 3 | 109.8 2.7 Right

Cone 4 125.5 10 Left

Cone 5 150 13.7 Left

6.3.9. Lane width detection

The average distance between the readings with the total station at the inner side of the road markings
is used as the reference lane width. This is done separately for the four road maéhdrigae width

is calculated as the average of the four individual measurepenset of road markingaccording to
Figurel5.

! f f !

Wo Ws W1 Wisg Lane width = (W+ Wet+ Wit ng)/4 (m)
l l l l W, denotes the width at section 0 m.

Figure 15. One set of road markings defining lane width.

6.4. Corrections of obvious errors

Easily explained errorbavebeen detectednd correcteéh the analysis proces®ne example ithata
few participans gota deviatiorbetweerthe positioning datand the referenddatwasvery close to
20 m The speffications said that the starting point of every 20 m section shoutm&iéoned butin
this casahe end point was positioned thetparticipantOther exanples that have been correctre
longitudinalout-of-syncfor a delivered variablél'his means that langitudinallag between the
deliveredparticipant data and the refereneascorrected, but only if theorrection gve better
agreementvith referenceandhighervalidity rankings The possible longitudinal correctiovas20
meters, despite some corrections needing only 5 to 15 meters.
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7. Analysis methods

The test will be divided into three parts, further describedigctiapter.

7.1. Validity

The validity is tested by comparitige results from the tested vehicles with referaradees Two
references will be useds described in chaptérl.1l The validityis testedoy decidingthe percentage
of the difference between the tested vehicle and the refettaaicillswithin agiven interval, see
Figurel6. The interval is described by the funnel shaplegklines in the figureThe normal
behavior of a measurement variable is that low measurement walmlsw standard deviation and

vice versa for high measur ement v alappeasancet hat 06s

1 [1287] IRI right - 96.59 within limits
T T T T

0.8 : i

0.2

0.2

Difference (Sup-Ref)

04

A | | | ! | |
0 1 2 3 4 5 6
Reference

Figure 16 Principles for ealuation of validity. Y axisdescribes the difference between the tested
vehicle and the reference.aXisis thereference valueThe result is summarized by the percentage of
the difference within the interval.

Two intervals are used in the evaluation. The first interval is copied from the Swedish Transport
Administrations technical documefitrafikverket, 2015additionally ®me intervals are also used
Finland thathavea similar tesmethodology The second interval is wider, adapted teditnected
vehicles and smartphone solutioRer variablesvithout known test limitg the intervalhavebeen
experimentally decidedr transformed from similar variables using the same source data

Thestandard and additional threshold leveds be seen iAnnex1.

7.1.1. Position

The first 100 m of the test sections are used to deloededlidity ofthe measuregosition. The

position is tested by calculating the difference between the tested vehicle and the reféisnse
doneby calculating the length dhe straight line between the reference and participants coordinates
for latitude and longitudélhe results are presented in a figure showing absolute agreement in the
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centre of the plot, sdégurel7. There has been some confusiegardingwhich coordinate system to
use. The original plan was to use DE_DHDN / GK_3. Participamisthe consultant that did the
reference measurements pointed out that it is more correct to use DE_DHDN / GK_2 for the location
of duraBASt. Because of thithe analysisvasdone in the latter format. The participants who

delivered position data in other coordinate formats wereerted to DE_DHDN / GK_2.

[4100+4101] Position (1) - 68.30 within limits

Nwo T : 15 .. NE

s
Figure 17 Test principle for positionThe center of the circlis the reference positioithe red circle
specifies the threshold. The different colors represent different test sethiissin meters.

7.1.2. Transverse profile

The transverse profile was not possible to analygeausehe matching routine between the reference
and the supplier is based on crassrelation. The test track has nas,and a flat profile gives no
possibility to get a valid transverse matching between the transverse profiles from the participant and
referenceA typical example is given iRigure18.
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Section: C --- Pos: 20 --- Rep: 1 [ 0 mm off ]
T T
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-1
-1000 -800 -600 -400 -200 0 200 400 600 800 1000

Figure 18 Example of comparison between reference and supplier transversal poaiile. X and Y
in mm.

7.1.3. Longitudinal profile

The longitudinal profiles are preprocessedording to chapted.1.1

The longitudinal profile is tested according to the following steps,

9 Synchronize the longitudinal profiles from the supplier and reference (cross correlation)
(synchronized at 100 mm level).

9 The synchronized profiles are compared in two ways.
o Correlation per 100 m.
0 Quota of the standard deviations per 100 m between the supplier and reference.

Only full 100-m sections are used in the analysis. The results for correlation and the quota test are
compared with a threshold level.

Additionally, the frequency content (PSD, Power Spectrum Dernisitgmpared between the

reference and the tested vehicle. This will show the agreement between the reference and the tested
vehicle through the entire frequency spectra for evenness. Th&BiSElll be limited to wavelengths
between 0.2 antlO0 meters.

7.2. Repeatability

The 75" percentile of thestandard deviation dhe repeated rurfer 20-metervalues is used as a
metric forrepeatability.

7.2.1. Longitudinal profile

The longitudinal profiles are preprocessed according to ch@ytdr
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The longitudinal profile is tested according to the following steps

1 Synchronize the longitudinal profiles from theu p p Irepetitiorss @t 100 mm level (cross
correlation).

1 All combinations of the repeated synchronized profiles are compared in two ways.
o Correlation per 100 m.
0 Quota of the standard deviations per 100 m between the supplier and reference.

9 The results are checked according to requirements for correlation and the quota.

7.3. Speed Dependency

Originally the plan was to have a broader variety of measurement sple@dser, he study will
present the quotaf theaverageofthes u pp |l i er s 0 keaads30 knéhpregenm if the span
between the speeds is closdditionally, the absolute value diie averageéetweertheresultsatthe
two speeds will be reportedariables that can have a value close to zero (crossfall, hillinadsery
large numbergthe positioning variablg¢she quota will not beeported.
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8. Participant Categories

The report will not reveal the connection between the result and the different measurement systems or
participating companies. To be able to get information about how different measurement principles
performin this test the measurement systems are divided into three categories idggbebmain
measurement principl@ he participating systems are divided into the three categories according to
Table6. The three categories are

1. Profilometeri the traditional type of road surface monitorgygtemsequipped witHaser
basedmneasuring techniques, point lasers or line laSagerakystems also have the
capability to measure and capture road vicinity witkar systems and 366ameras.

2. Mobile mapping systeri the main data source is thelar-type equipment that is used to
describe the road surface and vicinity in detail, often combined witt&®@rasSome
systems also have point laseraammplement to the Lidars. The point lasers are used for
texture and in some cases evenness measurememistinguish the systems using both
Lidar and point laser from the profilometer categadys category uses the Lidar technique to
measure the transverse profile.

3. Connected vehicle and smartphone soluitidinis category includes connected vehicle type of
data supplier, using the sensors in the vehicle to estimate the condition of th&lsoad.
smartphone solutions collecting data with a smartphone, sometimes using extra gauges
connected to the smartphone. The third system belonging to this group is vehicle response
measuring systems, a vehicle equipped with extra gauges connected to a lapsyping the
response of the vehicle to estimate the road condition.

Table6 Participating systems antheir respectiveategories

Category Measurement system Comments

Profilometers If the measuring method used to
assess the transverse profile is
done with a point laser or a line
laser the system will be in this

category.

Mobile mapping systems If the measuring method used to
assess the transverse profile is
done witha Lidarsystem the
system will be in this category,
even if the system could have
point lasers to measure evennes

and texture.

Mobile mapping systems

It should be noted that this
categorymeasureghe vehicle
response (evenness) not only in
one wheelpath. The reference is

Connectedsehiclesand
smartphone solutios

< Z>»PIN<<CTUOUXIMOU|ldnwomOOZIIr« —w
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Category

Measurement system

Comments

w
X

calculated from the right wheel
path. The test tracks, however,
built homogenous, meaning theré
are very small differences
between the two wheepaths
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9. Results

The results will be detailed in individual chapters addressing validity, repeatability, and speed
dependency. Furthermore, both the RSBluationand thequality control of longitudinal profiles will
be covered separately. The report will also providewvauationof wide transverse profile
measurements, object positioning, and lane width determination.

Variable testing outcomes will be compared against stamdguirementsn Sweden and Finland,
where this procedure is integral to the technical approval process managed by the Transport
Administrations for network road monitoring service procureniEm. requirements are orfigr
information i t 6s lmyequramennie thintesthe primary objectivef the Transport
Administration,by using theseequirementsis to ensure a consistent, loteym trend @ support
effectiveand accuratenaintenance planning.

The following abbreviations will be used,

Ref dedicated reference measurement

Sys_ref participating system reference

Profor P the category profilometer

MM orM the category mobile mapping

CVorC the category connected vehicle and smartphone solution

S standard deviation (s_Prof, the standard deviation for profilometers)

To get a representative value for a system category, obvious measurement errors are excluded from the
system average and system standard deviatiem comparing different system types

9.1. \Validity

This chapter outlines the validity results. The data shepresentaggregated information for both
participants and system categori@somprehensive report for each participant is availablnimex
2. Thediagrans presenta comparsonusing20 mdatafrom all testsectiongelevant to eackariable
The table below details the applicable sections corresponding to each tested variable.

Table7 Explanation of the sections utilized to examine the validity of the vasiable

SectionTermID- | 1287, 1025 | 3302, 3109 | 4100, 4101, | Lane width | Cracks
description 1035,3000 4102 Object
3800, 3801 position,

Wide
transverse
profiles

A 0-240m 0-240 m 0-100 m

B X

C 0-180 m

D 0-260 m 0-260 m 0-100 m X

9.1.1. TermID 12871 IRI right wheel track

IRI reference is evaluated in the right wheel track. The two references used are dedicated reference
measurement and the system average. In total, 21 systems reported IRI data.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
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performed for eachubsection, at 20 m interval, aedchrepetition. For example, as showriTiable
8, System B achieved 57.8% within linditaccording to the dedicated reference measurenigrgs.
results are divided into two tablesomparison with referen¢@able8) and system referen¢&able

9).

Table8 Validity of participants results fdRlI in right wheel track compared with reference

measurement.

System | Category | Validity Refl| Validity Ref2 Requirement
B P 57.8% 89.2% 75%
J P 82.3% 88.9% 75%
L P 39.2% 54.9% 75%
M P 87.8% 94.4% 75%
O P 59.4% 86.5% 75%
Q P 32.6% 51.7% 75%
R P 82.5% 93.6% 75%
S P 70.5% 92.0% 75%
D MM 85.1% 94.6% 75%
E MM 88.9% 94.7% 75%
H MM 50.4% 66.4% 75%
K MM 94.2% 94.4% 75%
P MM 31.3% 57.6% 75%
U MM 80.0% 88.6% 75%
Y MM 75.3% 93.2% 75%
Z MM 65.3% 84.2% 75%
A Ccv 23.2% 34.7% 75%
N Ccv 39.2% 55.3% 75%
w Ccv 38.1% 67.4% 75%
X Ccv 73.8% 88.3% 75%

Table9 Validity of participants results fdRI in right wheel track compared wilystenreference.

System | Category | Validity_Sysefl | Validity_Sysref2| Requirement
B P 77.5 96.9 75%

J P 934 94.4 75%

L P 37.2 53.1 75%

M P 91.7 100.0 75%

o) P 83.3 93.8 75%

Q P 39.6 56.3 75%

R P 95.6 100.0 75%

S P 86.1 96.9 75%
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System | Category | Validity_Sysefl | Validity Sysref2| Requirement
D MM 91.7 99.1 75%

E MM 93.7 99.5 75%

H MM 56.4 75.4 75%

K MM 96.1 100.0 75%

P MM 38.9 71.9 75%

U MM 82.9 94.3 75%

Y MM 89.5 97.2 75%

Z MM 54.2 80.0 75%

A Ccv 22.7 33.0 75%

N Ccv 40.3 56.4 75%

W Ccv 55.2 81.7 75%

X Ccv 79.6 90.7 75%

I't is unsurprising that the participantsd resul:'t

the dedicated reference measurement.

Theaverageand standard deviatiaf IRI in right wheel trackor system categories and refereige
presentedn Figurel9.

1287
6.00

5.00

4.

3.

2.

1. I
0.00 o I I

Ref Sys_ref Prof. MM s_Prof s_MM s CV
1287 4.40 4.30 4.29 4.19 478 0.70 0.77 2.01

IRI right wheel track (mm/m)
[=] o
o o

(=3
o

=)
o

Figure 19 Overall average and standard deviation of IRI in right wheel track.

A more detailedcomparisonyith dataat 20 msection sizebetween the references and #verage of
the repeated runs for tiparticipantcategoriexan be seen iRigure20. The following figuresFigure
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20throughFigure23, are marked with black vertical lines to indicate the &madl starbf a test
section. For IRI, the relevant sections are A, C, and D.

0 1287 - IRl right wheel track

18
16
14
12

10

IRl right wheel track (mm/m)

4
2 w
0 100 200 300 400 500 600 700
Distance (m)

=——=Reference em=System_reference e==Prof. oMM —o—C\/

Figure 20IRI, 20 m comparison between references and the average of the three participant
categories.

Theindividualp a r t i @veqage nesuftsdor titeree categoriesompared with the references can
be seen ifrigure21to Figure23.
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Figure 21 IRI: comparisorof reference values with each participarstigeragein the profilometer

category.
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Figure 22 IRI: comparisorof reference values with each participarsteeragein themobilemapping

category.
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Figure 23 IRI: comparisorof reference values with each participaratieeragein the connected
vehiclecategory

9.1.2. TermID 10257 Rut Depth 3.2 m

TheRut Depth3.2 m reference is calculated from the reference transverse profile for a width of 3.2 m,
based on the predetermined lateral position. Each participant uses a reference tailored to the
measurement point configuration of their specific system, resultidgf@rent references between
suppliers. Consequently, the diagrams display both the minimum and maximum reference values for
theRut Depth The two references utilized are a dedicated reference measurement and the system
average. A total of 13 systems pigied Rut Depth3.2 m data.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiable
10, SystemJ achieved 9.9% within limitl according to the dedicated reference measurenidrgs.
results are divided into two tables, comparison with refererelel€é10) and system referenc&gble
11

Table10 Validity of participants results fdRutDepth3.2 m compared with reference measurement.

System | Category | Validity_Refl| Validity Ref2 Requirement
J P 79.9% 96.9% 80%
L P 56.9% 89.9% 80%
M P 84.4% 100.0% 80%
@) P 76.0% 99.3% 80%
R P 76.1% 97.2% 80%
S P 4.9% 44.8% 80%
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System | Category | Validity Refl| Validity Ref2 Requirement
D MM 2.0% 66.3% 80%
E MM 91.3% 96.1% 80%
H MM 94.6% 96.8% 80%
K MM 95.6% 100.0% 80%
P MM 19.8% 92.4% 80%
u MM 74.3% 88.6% 80%
Y MM 1.5% 95.4% 80%

Table11 Validity of participants results fdRutDepth3.2 m compared with system reference
measurement.

System | Category | Validity _Sysrefl Validity Sysref2| Requirement
J P 85.8 97.2 80%
L P 33.3 79.5 80%
M P 24.2 98.3 80%
@] P 79.2 91.0 80%
R P 96.1 97.2 80%
S P 24.0 85.4 80%
D MM 351 100.0 80%
E MM 68.6 94.7 80%
H MM 97.9 99.6 80%
K MM 90.8 100.0 80%
P MM 90.6 100.0 80%
u MM 57.1 82.9 80%
Y MM 49.4 100.0 80%

The average and standard deviatioRof Depth3.2 mfor system categories and reference is
presented ifrigure24.
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Figure 24 Overall average and standard deviation of Refpth3.2 m.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéigiare25. The following figuresfFigure25through
Figure27, are marked with black vertical lines to indicate the end and start of a test sectiBat For
Depth the relevant sections are A, C, and D.
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Figure 25 RutDepth3.2 m, 20 m comparison between references and the averagawbthe
participant categories.

Theindividualp a r t i @vegage nesuftsdor thevo categories compared with the references can be
seen inFigure26 andFigure27.
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Figure 26 RutDepth3.2 m a comparison betweearference valueand the averagef the
measurements obtained by participaintthe profilometer category.
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Figure 27 RutDepth3.2 m: a comparison between reference values and the average of the
measurements obtained by participants in the mobile mapping category.

9.1.3. TermID 10357 Sliding Wire Rut Depth 2,0 m

TheSliding WireRut Depth2,0 m reference is calculated from the reference transverse puifilie
awidth of 3.2 m, based on the predetermined lateral position. Each participant uses a reference
tailored to the measurement point configuration of their specific system, resulting in different
references between suppliers. Consequently, the diagrams/disgiiethe minimum and maximum
reference values for tHéliding WireRut Depth The two references utilized are a dedicated reference
measurement and the system average. A totd) sfdtems provide8&liding WireRut Depthdata.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiable
12, SystemlL achieved5.4% within limitl according to the dedicated reference measurenigdms.
results are divided into two tables, comparison with refereralelé12) and system referenc&gble
13).

Table12 Validity of participants results foBlidingWire Rut Depth2.0 m compared with reference
measurement.

System | Category | Validity Refl| Validity Ref2 Requirement
L P 85.4% 95.1% 80%
M P 86.1% 98.6% 80%
@) P 49.3% 92.4% 80%
S P 7.6% 51.0% 80%
D MM 6.3% 96.6% 80%
E MM 94.7% 100.0% 80%
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System | Category | Validity Refl| Validity Ref2 Requirement
K MM 98.9% 100.0% 80%
u MM 71.4% 85.7% 80%
Y MM 0.9% 97.2% 80%
z MM 93.1% 100.0% 80%

Table13 Validity of participants results faBlidingWire Rut Depti2.0 m compared with system
reference measurement.

System | Category | Validity Sysrefl Validity Sysref2| Requirement
L P 70.1 94.8 80%
M P 28.6 89.7 80%
@] P 91.7 100.0 80%
S P 43.1 84.7 80%
D MM 82.6 100.0 80%
E MM 66.2 97.1 80%
K MM 95.6 100.0 80%
U MM 45.7 74.3 80%
Y MM 80.3 100.0 80%
4 MM 100.0 100.0 80%

The average and standard deviation of Slidige Rut Depth2.0 m for system categories and
reference is presentedfigure28.
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Figure 28 Overall average and standard deviation of SlidiNge Rut Depth2.0 m.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéiigiare29. The following figuresFigure29through
Figure31, are marked with black vertical lines to indicate the end and start of a test sectigat For
Depth, the relevant sections are A, C, and D.
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Figure 29 SlidingWire Rut Depth2.0 m, 20 m comparison between references and the average of the
two participant categories.

Theindividualp a r t i @vegage nesuftsdor thevo categories compared with the references can be
seen inFigure30 andFigure31.
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Figure 30 SlidingWire Rut Depth2.0 m: a comparison between reference values and the average of
the measurements obtained by participants in the profilometer category.
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Figure 31 Sliding Wire Rut Depth2.0 m: a comparison between reference values and the average of
the measurements obtained by participants in the mobile mapping category.

9.1.4. TermID 300011 Crossfall regression 3.2 m

Thereferenceaegression crossfal calculated from the reference transverse profile within a width of
3.2 min combindion with theinertial navigation systenibased on the predetermined lateral position.
Each participant uses a reference tailored to the measurement point configuration of their specific
system, resulting in different references between suppBérse the variation between different
participantgeferencess low, only onereferencewill be presented ithe diagramsThe two

references utilized are a dedicated reference measurement and the system average. & total of 1
systems providedrossfall regression data

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiiable

14, System L achieved.5% within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereraielé14) and system referenc&gble

15).

Table14 Validity of participants results foCrossfall regression 3.2 m compared with reference
measurement.

System | Category | Validity Refl| Validity Ref2 Requirement
L P 77.1% 85.8% 85%
M P 97.2% 100.0% 85%
Q P 75.7% 84.7% 85%
R P 100.0% 100.0% 85%
S P 91.3% 96.9% 85%
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System | Category | Validity Refl| Validity Ref2 Requirement
D MM 100.0% 100.0% 85%
H MM 100.0% 100.0% 85%
K MM 97.2% 100.0% 85%
P MM 94.1% 100.0% 85%
u MM 100.0% 100.0% 85%
Y MM 100.0% 100.0% 85%
z MM 88.9% 97.2% 85%

Table15 Validity of participants results faCrossfall regression 3.2 m compared with system
reference measurement.

System | Category | Validity _Sysrefl Validity Sysref2| Requirement
L P 74.7% 84.4% 85%
M P 100.0% 100.0% 85%
Q P 78.5% 84.0% 85%
R P 100.0% 100.0% 85%
S P 97.2% 100.0% 85%
D MM 100.0% 100.0% 85%
H MM 100.0% 100.0% 85%
K MM 100.0% 100.0% 85%
P MM 95.8% 99.7% 85%
u MM 100.0% 100.0% 85%
Y MM 100.0% 100.0% 85%
Z MM 91.7% 94.4% 85%

The average and standard deviation of Crossfall regression 3.2 m for system categories and reference
is presented ifigure32.
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Figure 32 Overall average and standard deviationQbssfall regressio3.2 m.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéiigiare33. The following figuresFigure33through
Figure35, are marked with black vertical lines to indicate the end and start of a test section. For
Crossfall, the relevant sections are A, C, and D.
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Figure 33 Crossfall regression 3.2 m, 20 m comparison between references and the average of the two
participant categories.

Theindividualp a r t i @vegage nesuftsdor thevo categories compared with the references can be
seen inFigure34 andFigure35.
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Figure 34 Crossfall regression 3.2 m: a comparison between reference values and the average of the
measurements obtained by participants in the profilometer category.
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Figure 35 Crossfall regression 3.2 m: a comparison between reference values and the average of the
measurements obtained by participants in the mobile mapping category.

9.1.5. TermID 1547 i1 Hilliness

Hilliness referencés calculated from the referentmngitudinal profile in thecentre positiorof the
vehicldtest sectionThe two references utilized areededicated reference measurement and the
system average. A total of 12 systems providiihessdata.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for each subsection, at 20 m interval, and each repetition. For example, as Jradien in

14, System L achieved 78.5% within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereralgl€ 16) and system referenc&gble

17).

Table16 Validity of participants results for Hilliness compared with reference measurement.

System | Category | Validity Refl| Validity Ref2 Requirement
J P 82.4% 92.6% 90%
L P 100.0% 100.0% 90%
M P 100.0% 100.0% 90%
Q P 87.5% 94.9% 90%
R P 100.0% 100.0% 90%
D MM 100.0% 100.0% 90%
E MM 100.0% 100.0% 90%
K MM 100.0% 100.0% 90%

56 VTI rapport 1251A



P MM 95.0% 100.0% 90%
U MM 100.0% 100.0% 90%
Y MM 100.0% 100.0% 90%
4 MM 95.5% 95.9% 90%

Table17 Validity of participants results for Hilliness compared with system reference measurement.

System | Category | Validity Sysrefl Validity Sysref2| Requirement
J P 83.5% 93.8% 90%
L P 100.0% 100.0% 90%
M P 100.0% 100.0% 90%
Q P 87.5% 94.3% 90%
R P 100.0% 100.0% 90%
D MM 100.0% 100.0% 90%
E MM 100.0% 100.0% 90%
K MM 100.0% 100.0% 90%
P MM 95.0% 100.0% 90%
U MM 100.0% 100.0% 90%
Y MM 100.0% 100.0% 90%
4 MM 95.5% 95.9% 90%

The average and standard deviation of Hilliness for system categories and reference is presented in
Figure36.
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Figure 36 Overall average and standard deviation of Hilliness

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéiigiare37. The following figuresFigure37 through

Figure39, are marked with black vertical lines to indicate the end and start of a test section. For
Hilliness, the relevant sections are A, C, and D.

58 VTI rapport 1251A



2.00

1547 - Hilliness
1.00
0.00
0 50 100 150 200 25 350 400
-1.00
5
5
£.2.00
£
T
-3.00
-4.00
-5.00
-6.00
Distance (m)
=—=Reference e==System_reference e====Prof. MM

Figure 37 Hilliness, 20 m comparison between references and the average of the two participant
categories.

The individual participants average results for the two categories compared with the references can be
seen inFigure38 andFigure 39.
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Figure 38 Hilliness: a comparison between reference values and the average of the measurements
obtained by participants in the profilometer category.
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Figure 39 Hilliness: a comparison between reference values and the average of the measurements
obtained by participants in the mobile mapping category

9.1.6. TermID 33021 MPD right wheel track

The referenc®PD is calculated from the referentaxtureprofile inthe right wheel trackThe two
references utilized are a dedicated reference measurement and the system average. A total of 12
systems providePD data.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiliable

18 Systeml achievedb3.2% within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereralel€ 18) and system referencédble
19).

Table18 Validity of participants results faviPD in right wheel track compared with reference
measurement.

System | Category | Validity Refl| Validity Ref2 | Requirement
I P 53.2% 80.8% 70%
J P 73.2% 98.2% 70%
L P 0.5% 5.1% 70%
M P 91.9% 100.0% 70%
0] P 19.4% 44.4% 70%
Q P 7.9% 10.7% 70%
R P 82.2% 100.0% 70%
S P 68.5% 95.8% 70%
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System | Category | Validity Refl| Validity Ref2 | Requirement
T P 53.2% 81.2% 70%
E MM 49.4% 85.8% 70%
H MM 36.1% 86.5% 70%
P MM 15.3% 50.0% 70%

Table19 Validity of participants results faviPD in right wheel track compared with system
reference.

System | Category | Validity Sysrefl Validity Sysref2| Requirement
I P 88.0% 88.0% 70%
J P 95.8% 98.2% 70%
L P 3.7% 17.6% 70%
M P 79.6% 100.0% 70%
@] P 46.8% 65.3% 70%
Q P 5.6% 23.6% 70%
R P 92.6% 96.3% 70%
S P 95.4% 96.3% 70%
T P 88.0% 88.0% 70%
E MM 17.3% 56.8% 70%
H MM 74.0% 90.9% 70%
P MM 5.1% 33.3% 70%

The average and standard deviatioM®D in right wheel trackor system categories and reference is
presented ifrigure40.
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Figure 40 Overall average and standard deviation\PD in right wheel track.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéigiare41. The following figuresFigure41through
Figure43, are marked witla black vertical line to indicate the end and start of a test se&tion.

MPD, the relevant sections areaAd D.
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Figure41MPD, 20 m comparison between references and the averagetefdparticipant

categories.

The individual participanfsaverage results for thevo categories compared with the references can be
seen inFigure42 andFigure43.
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Figure 42 MPD: comparison of reference values with each participant's average in the profilometer
category.
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Figure 43 MPD: comparison of reference values with each participant's average imapging
category.

9.1.7. TermID 31091 Megatexture right wheel track

The referencdlegatexturas calculated from the reference texture profile in the right wheel track. The
two references utilized are a dedicated reference measurement and the system average 3A total of
systems providetMegatexturalata.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiliable

20, SystemJ achievedr 4.2 within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereralgl€20) and system referenc&gble

21).

Table20 Validity of participants results faviegatexturen right wheel track compared with reference
measurement.

System | Category | Validity Refl| Validity Ref2 | Requirement

J P 74.5% 99.5% 85%
M P 98.9% 99.3% 85%
R P 97.8% 100.0% 85%

Table21 Validity of participants results faviegatexturen right wheel track compared with system
reference.

System | Category | Validity Sysrefl Validity Sysref2| Requirement
J P 100.0% 100.0% 85%
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The average and standard deviation of Megatextutight wheel trackor system categories and
reference is presentedfingure40.
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Figure 44 Overall average and standard deviationndégatexturen right wheel track

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéiigiare45. The following figuresFigure45and
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Figure46, are marked with a black vertical line to indicate the end and start of a test deation.
Megatexturethe relevant sections are A and D.
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Figure 45 Megatexture20 m comparison between references and the average of the participant
categoy.

Theindividualp a r t i @venage nesufisdor thgrofilometercategoriecompared with the
references can be seerFigure46.
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Figure 46 Megatexturecomparison of reference values with each participant's average in the
profilometer category.
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9.1.8. TermID 380071 WLP, right wheel track

The referenc®LP, is calculated from the referentmngitudinalprofile in the right wheel track. The
two references utilized are a dedicated reference measurement and the system average. A total of 3
systems provideW/LP data.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiiable

22, SystemM achieved4.7% within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereralel€22) and system referenc&gble

23). Thereis no requirement used in Sweden or Finland for this variable

Table22 Validity of participants results fONVLP, in right wheel track compared with reference
measurement.

System | Category | Validity Refl| Validity Ref2 Requirement

M P 54.7% 63.3%
E MM 65.2% 79.7%
4 MM 58.9% 74.7%

Table23 Validity of participants results foWLP, in right wheel track compared with system
reference.

System | Category | Validity _Sysrefl Validity Sysref2| Requirement

M P 79.4% 84.2%
E MM 41.1% 73.0%
4 MM 51.9% 69.7%

The average and standard deviation of \WlifPright wheel tracKor system categories and reference
is presented ifrigure47.
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Figure 47 Overall average and standard deviation of WLR right wheel track.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéiigiare48. The following figuresFigure48through
Figure50, are marked with black vertical lines to indicate the end and start of a test section. For

WLP, , the relevant sections are A, C, and D.
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Figure48WLP, , 20 m comparison between references and the averagetafdparticipant

categories.

Theindividualp a r t i @veqage nesuftsdor thevo categories compared with the references can be
seen inFigure49 andFigure50.

a0 3800 - WLPG
35
30

25

WLPo (mm)
[
o

15

10

0 100 200 300 400 500 600 700

Distance (m)

= Reference  emm=System_reference s SystemM

Figure 49 WLP, : comparison of reference values with each participant's average in the profilometer
category.
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Figure 50WLP, : comparisorof reference valuewith each participant'siverage in thenobile
mappingcategory.

9.1.9. TermID 3801 i WLPY right wheel track

The referenc&VLPY is calculated from the reference longitudinal profile in the right wheel track. The
two references utilized are a dedicated reference measurement and the system average. A total of 3
systems provided WLP data.

Initially, results from participants are compared to the references. This comparison follows the
procedures outlined in chapféd, using threshold levels specifiedAmnex1. The comparison is
performed for eachubsection, at 20 m interval, aedch repetition. For example, as showiliable

24 System M achieved&41% within limitl according to the dedicated reference measurements. The
results are divided into two tables, comparison with refereralel€é24) and system referenc&gble

25). There is no requirement used in Sweden or Finland for this variable.

Table24 Validity of participants results fot/LPY in right wheel track compared with reference

measurement.

System | Category | Validity Refl| Validity Ref2 Requirement
M P 46.1% 66.1%

E MM 45.4% 67.6%

Z MM 51.9% 72.5%
Table25 Validity of participants results fotVLPY in right wheel track compared with system
reference.

System | Category | Validity Sysrefl Validity Sysref2| Requirement
M P 71.9 88.1 0%

E MM 41.1 65.7 0%
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System | Category | Validity _Sysrefl Validity Sysref2| Requirement
z MM 53.6 69.7 0%

The average and standard deviation of WifPright wheel trackor system categories and reference
is presented ifrigure51.

Figure 51 Overall average and standard deviation of WLR right wheel track.

A more detailed comparison, at 20 m level, between the references and the average of the repeated
runs for the participant categories can be seéigiare52. The following figuresFigure52through
Figure54, are marked with black vertical lines to indicate the end and start of a test section. For

WLPY, the relevant sections are A, C, and D.
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