TECHNICAL ISO/TS
SPECIFICATION 13473-4

First edition
2008-05-01

Characterization of pavement texture by
use of surface profiles —

Part 4:
Spectral analysis of-surface profiles

Caractérisation de la textare d'un revétement de chaussée a partir de
relevés de profils de la surface —

Partie 4: Analyse spectrale des profils de la surface

-_— Reference number
= — ISO/TS 13473-4:2008(E)

©1S0 2008


https://standardsiso.com/api/?name=ba559fa8b0802165dafaf7547de63cf8

ISO/TS 13473-4:2008(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

e COPYRIGHT PROTECTED DOCUMENT

© 1S0 2008

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. +412274901 11

Fax + 4122749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

ii © ISO 2008 — All rights reserved


https://standardsiso.com/api/?name=ba559fa8b0802165dafaf7547de63cf8

ISO/TS 13473-4:2008(E)

Contents Page
o] =NV o iv
e Yo 11 T o) P \'
1 £ o - PSSP PRURIs S PSR 1
2 Lo B Y= =] =Y =Y 4 Lo S b RS 1
3 Terms and definitions..........coo i e e e e e 2
4 Basic outline of methodologies of spatial frequency analysis.......cccccceeee . T e, 6
5 Sampling of surface Profiles ... sad e e s sssnen e e e ee s s nnn e e e ee e 8
51 Sampling of road SECHIONS ........coccecirircee e afEanr e e me e e e e e e me e e e s e e 8
52 Measurement of laboratory samples ...........cccovcimiinninned e T e, 9
6 General principles and requUIrements ...........coooo i e e e 9
61 Requirements concerning profilometers ...t e e 9
62 Conversion of spatial frequencies to temporal frequencies;..........ccccccmrrrriiicciiiccnrneenneccesfeeeennenn, 9
63 DT o o T L1 Y R 1
6{4 Anti-aliasing filtering ... e e 12
6J5 (D 1T e T3 2= IEST= T 4 ] 11 4V S N 12
7 Spectral analysis in constant-percentage bandwidth bands (octave- or one-third-octave

bands) by analogue filtering (Method 1)......cil e e 13
8 Spectral analysis in constant-percentage bandwidth bands (octave- or one-third-octave

bands) by digital filtering (Method 2)..( ... e mne fe e ee e 15
9 Spectral analysis in narrow constant bandwidth bands by means of Discrete (Fast)

Fourier Transform methods (Method 3) ..........ccocciiiiiiiiiii e 15
9 Overview of methodology ...iluli i e 15
9J2 Slope and offset SUPPreSSIoN ... e mmn e e e e e s sn e e 16
913 L0 Lo Lo T T N R 16
94 Discrete Fourier Transform and Power Spectral Density..........c.cccoccriniimninniicnnniicncssn e, 18
9/5 Wavelength resolution ... 19
1 Transformation of constant bandwidth spectral data to constant-percentage bandwidth

L= o =Y e -1 e F- 17 SRR 19

Uncertainty of analysis results...........cccccviiiiiccicicciiiiiisscccscrrrr e e ssssne e e e s s s s ssmne deesssnnns 21

Reporting of analysis reSuUlts ... s sssse e e s mne e e e s 22

nex A (nermative) Uncertainty of spectral analysis results..........cccccccvvricciccerernrescccccssceeeneensssces freceenn, 23
nex B (informative) AlASING .....cccicccicmiiiiiiiicscsssceesrr s sssssssese s s ssssssssssssssssssssssssssnsssssssssssssnsnessnsssss fossssnnens 28

A nformative ati i

RVZ= L E= 1 Lo 0 ] 4 T o 7= - c 30
Annex D (informative) Compensation for speed variations during processing of the measured

o - 1 31
Annex E (informative) Explanation of the relation between the wavelength resolution and the

spatial freqUENCY reSOIULION ........ ..o mme e e e s mn e e e nmme e 32
Annex F (informative) Spectral analysis and profile asymmetry.......cccccoocccoimiiiin e e 33
=1 0 [T'e o - o] 172 35

© ISO 2008 — All rights reserved iii


https://standardsiso.com/api/?name=ba559fa8b0802165dafaf7547de63cf8

ISO/TS 13473-4:2008(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical commlttees Each member body interested in a subject for WhICh a technlcal committee has been
established atand
non-gove nmental in liaison with 1SO, also take part in the work. 1SO coIIaborates closely W|th t
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standardgs
adopted py the technical committees are circulated to the member bodies for voting™ Publication as an
International Standard requires approval by at least 75 % of the member bodies casting-a vote.

In other [circumstances, particularly when there is an urgent market requirement for such documents, |a
technical|committee may decide to publish other types of document:

O Publicly Available Specification (ISO/PAS) represents an agreement between technical experts jn
O working group and is accepted for publication if it is approved by more than 50 % of the members

— anl
an |

bO Technical Specification (ISO/TS) represents an agreement between the members of a technigal
ittee and is accepted for publication if it is approved.by 2/3 of the members of the committee casting
a vote.

An ISO/RAS or ISO/TS is reviewed after three years*in order to decide whether it will be confirmed for|a
further thfee years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS |is
confirmed, it is reviewed again after a further three years, at which time it must either be transformed into an
Internatignal Standard or be withdrawn.

Attention|is drawn to the possibility that'some of the elements of this document may be the subject of patent
rights. ISD shall not be held responsible for identifying any or all such patent rights.

ISO/TS 1B3473-4 was prepared by)Technical Committee ISO/TC 43, Acoustics, Subcommittee SC 1, Noise.

ISO 134783 consists of the.following parts, under the general title Characterization of pavement texture by use
of surface profiles:

— Part|1: Determipation of Mean Profile Depth

— Part ;. Terminology and basic requirements related to pavement texture profile analysis

— Part 3: Specification and classification of profilometers
— Part 4: Spectral analysis of surface profiles [Technical Specification]

— Part 5: Determination of megatexture

iv © 1SO 2008 — All rights reserved
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Introduction

:2008(E)

Pavement texture is one of the basic road surface characteristics and as such is related to many functional
characteristics, such as noise emission from tyre-road interaction, friction between tyre and road, rolling
resistance and tyre wear.

S
H
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A
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bectral analysis of measured surface profiles is frequently used as a method of pavement charac
pwever, recent practice has shown that the methodology of spectral analysis is not sufficientlywell
e field of pavement measurements to assure reproducible results. Improvement of the reprodu
fering guidance in the form of a standardization document seems therefore advisable.

though the principles of frequency analysis are used in various fields of signal processing, it see
ilored elaboration of these principles for the application in the field of pavement texture measur
ppropriate and will enhance the use of these methods and the quality of the re'sults achieved.

his elaboration, in the form of an ISO Technical Specification, is intended to stimulate the int
change of knowledge and data concerning pavement characteristics.

erization.
known in
cibility by

ms that a
bments is
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TECHNICAL SPECIFICATION ISO/TS 13473-4:2008(E)

Characterization of pavement texture by use of surface
profiles —

Part 4:
§pectral analysis of surface profiles

11 Scope

pavement surface profile signals. It specifies three possible methods for spatial-frequency analysis (|
wpavelength analysis) of two-dimensional surface profiles that describe the pavement roughness am
alfunction of the distance along a straight or curved trajectory over the pavement.

The result of the frequency analysis will be a spatial frequency (or texture wavelength) spectrum in
percentage bandwidth bands of octave or one-third-octave bandwidth.
T

his Technical Specification offers three alternative methods tolobtain these spectra:
1) analogue constant-percentage bandwidth filtering;
2) digital constant-percentage bandwidth filtering;

3) constant narrow bandwidth frequency\analysis by means of Discrete Fourier Transform, fo
a transformation of the narrow-band spectrum to an octave- or one-third-octave-band spectr

The objective of this Technical Specification is to standardize the spectral characterization of
slirface profiles. This objective is pursued by providing a detailed description of the analysis met

principles of frequency analysis\of random signals. These methods and requirements are generally 4§
tq all types of random signatls;-but are elaborated in this Technical Specification in a specific descript
al their use for pavement-surface profile signals.

NDTE The usersofithis Technical Specification should be aware that spectral analysis as specified in this
cdnnot express all/€haracteristics of the surface profile under study. In particular, the effects of asymmetry of
e}. the differen¢e-of certain functional qualities for “positive” and “negative” profiles cannot be expressed by
spectral density;as it disregards any asymmetry of the signal. (See Annex F.)

2| ~Normative references

This Technical Specification describes the methods that are available to perform a spectral apalysis of

or texture
blitude as

constant-

lowed by
um.

bavement
hods and

r¢lated requirements for those who are involved in pavement characterization, but are not familiar with general

pplicable
on aimed

document
he profile,
the power

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced

document (including any amendments) applies.

ISO 13473-2:2002, Characterization of pavement texture by use of surface profiles — Part 2: Terminology and

basic requirements related to pavement texture profile analysis

ISO 13473-3, Characterization of pavement texture by use of surface profiles — Part 3: Specific
classification of profilometers

IEC 61260, Electroacoustics — Octave-band and fractional-octave-band filters

© 1SO 2008 — All rights reserved
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3 Terms and definitions

For the purpose of this document, the terms and definitions given in ISO 13473-2:2002 and the following apply.
To assist the users, the most relevant terms and definitions from ISO 13473-2:2002 have been copied into this
Technical Specification.

3.1

(texture) wavelength

A

quantity describing the horizontal dimension of the amplitude variations of a surface profile

NOTE 1 (Texture) wavelength is normally expressed in metres (m) or millimetres (mm).

[

NOTE 2 | Wavelength is a quantity commonly used and accepted in electrotechnical and signal processing vocabularigs.
Since many users of this Technical Specification may not be accustomed to using the term wavelength/n pavement
applications, and because electrical signals are often used in the analyses of road surface profiles, theré is-a possibility [of
confusion.| Hence, the expression “texture wavelength” is preferred here to make a clear distinction_in* relation to other
applications

NOTE 3 | The profile may be considered as a stationary, random function of the distance alang the surface. By means [of
a Fourier analysis, such a function may be mathematically represented as an infinite seriés of sinusoidal components [of
various frgquencies (and wavelengths), each having a given amplitude and initial phase. For typical and continuoys
surface profiles, a profile analysed by its Fourier components contains a continugus distribution of wavelengths. The
texture wavelength in ISO 13473 is the reciprocal of the spatial frequency, the unit of\which is reciprocal metre (equivalgnt
to cycles gder metre). See also 3.14.

NOTE 4 | The wavelengths may be represented physically as the various_lengths of periodically repeated parts of the
profile.

3.2
profile sampling
selection |of representative parts of a road surface of which the profile will be measured

3.3
profilometer
device uged for measuring the profile of a pavement surface

NOTE Current designs of profilometers\tised in pavement engineering include, but are not limited to, sensors basg¢d
on laser, light sectioning, needle tracer and)ultrasonic technologies.

3.4
measurement speed
v
speed at which the profilometer sensor traverses the surface to be measured

NOTE Measurement speed is normally expressed in kilometres per hour (km/h) or metres per second (m/s).

3.5
digital sighal sampling
determination of discrete measurement values of a signal at regularly spaced data points (and the subsequent
conversion of these values into digital code)

NOTE In this generic definition of digital signal sampling, the regular spacing of the data points may be applied either
in the time or in the spatial domain, depending on the domain (time or space) in which the signal is captured.

3.6

sampling interval

distance between two adjacent data points on the surface, which is equal to the measurement speed divided
by the sampling frequency of the sensor

NOTE Sampling interval is normally expressed in millimetres (mm).

2 © 1SO 2008 — All rights reserved
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3.7

profile measurement length

lp

length of an uninterrupted profile measurement

NOTE Profile measurement length is normally expressed in metres (m) or millimetres (mm).

3.8
repetition interval

7

:2008(E)

—

ed in the

ht to zero

distance between the beginning of two consecutive profile measurement lengths, the latter as defined in 3.7
NDTE Repetition interval is normally expressed in metres (m).

3{9

eyaluation length

/

lghgth of a sample from a profile which has been or is to be analysed

NDTE 1 The evaluation length may or may not be equal to the profile measurement length (but never greater
NPDTE 2  Evaluation length is normally expressed in metres (m) or millimetres\(mm).

3{10

drop-out

mleasured point (sample) on the profile which is recognized\as invalid, and which is usually discard
slibsequent data processing

311

drop-out rate

percentage (%) of measured points within the evaluation length which are recognized as being invalig
3[12

z¢ro-mean, slope-suppressed profileccurve

Z{x)

profile curve, Z(x), for which the mean level of the profile over the evaluation length has been broug
and for which long-wavelength«rends have been removed

N
lo
le|

N
le
pé

Tihe resulting mean line)of the profile is then at zero level. See illustration in Figure 1.

DTE 1 To obtain a profile’ curve useful for mathematical calculations, it is necessary to remove an
hg-wavelength component)(slope suppression), as well as to bring the mean level of the profile over the
hgth to zero (offset suppression). This can be accomplished by subtracting a least-squares fit from the profil

DTE 2  The features in Figure 1 are exaggerated in order to make the illustration clearer. If sul
pst-squaresfit from the profile, the two steps from left to right in the figure are performed in one operation (wh
brformed-also by high-pass filtering).

slope or
evaluation
B, see 9.2.

tracting a
ich can be

©
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3 5 6
A“VVWWWV&VWV V
1
2
Key
1 vertical distance
2 horizrintal distance
3 original profile
4 Oleve
5 slope puppression applied
6 offseti|suppression applied
Figure 1 — lllustration of slope and offset suppréssions

3.13

texture

surface ;Eofile spectrum

unevenn
spectrum| obtained when a profile curve has been analysediby either digital or analogue filtering techniques

order to

frequencies (3.14)

NOTE

wavelength or spatial frequency.

3.14

spatial frequency
inverse of (texture) wavelength

NOTE 1

NOTE 2

frequencyl] in the space:domain.

3.15
surface

Lix 2

ectrum
ss spectrum

determine the magnitude of its spectral cemponents at different wavelengths (3.1) or spati

A texture spectrum presents the magnitude of each spectral component as a function of either textu

Spatial frequency is\nofmally expressed in reciprocal metres (m~1); see also 3.1, Note 3.

The term “frequency” used in the time domain, more precisely “temporal frequency”, corresponds to “spat|

in
al

re

al

(ilexture) profile level

logarithmic transformation of an amplitude representation of a surface profile curve Z(x), the latter expressed
as a root mean square value

EXAMPLE Liy go denotes the texture profile level for the one-third-octave band having a centre wavelength of
80 mm, see Table 1in ISO 13473-2:2002.
NOTE 1 The texture profile level can be expressed by the following equation:
a2 a
Lyx 4 Of Ly, = 10lg—— = 20lg—~ dB (1)
aref Aref
4 © 1SO 2008 — All rights reserved
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where
Ly, s the texture profile level in one-third-octave bands (ref. 106 m), in decibels;
Lty s the texture profile level in octave bands (ref. 106 m), in decibels;
ay is the root mean square value of the vertical displacement of the surface profile, in metres;

of Is the reference value (= 108 m);

ie—bla I ordisaals " 1 lokar ol ablo loiseal 4 o ol 4 lo ol £ild lo.
1o UIT SsUvsLIipuiTriuiLatiily a vaiutc uvutditicUu Wit a UTTTTuTimumotiavo™udiiu Ut Ullavoudiiu TimcTr Tia

wavelength A.

RS

NPTE 2  Octave-band and one-third-octave-band filters are specified in 4.4 of ISO 13473-2:2002.

s¢veral magnitudes, typically 10°m to 102 m. Spectral characterization of signals is uséd frequently in
agoustics, vibrations and electrotechnical engineering. In all those fields, it is most common 16 use logarithmic
s¢ales. The same approach is preferred in this part of ISO 13473.

NPDTE 4  Texture profile levels in practical pavement engineering typically range from 20 dB to 80 dB
definitions.

3[16

ppwer spectral density

PSD

quiantity expressing the power contained in a signal per unit.frequency or per unit wavelength as a fi
frequency or wavelength

NPTE 1 In the case of a bandwidth filtered signal in thé.time domain, the PSD may be defined as the limit v|
time averaged squared signal within a certain frequencycinterval divided by the bandwidth of this frequency int
thie bandwidth approaches zero and the averaging timie’goes to infinity, resulting in the spectrum being present
of| squared amplitude per unit frequency, as expressed by Equation (2).

T

. 1 2

X = lim - x“(fo. A t)dt
Pep Af =0, T (Af)T'([ 0

where
Xpgp i the power spectral density of a time signal x;
Af is the bandwidth of the frequency interval in hertz, Hz;

T is theraveraging time in seconds, s.

NPTE 2.\ In the case of a Discrete Fourier Transform of a sampled signal, the PSD may be defined as th
miagnitude of the components of the Fourier series divided by the effective bandwidth of the (narrow) bands of

ing centre

NPTE 3  Texture amplitudes expressed as root-mean-square values, whether filtered or net,_may have & range of

studies of
amplitude

with these

inction of

Blue of the
rval when
d in terms

()

e squared
he Fourier

s;rectrum (see 9.4)

NOTE 3 In the case of spectral analysis of a pavement surface profile, the signal is not a function of time but of

evaluation length /. The Power Spectral Density may then be given as a function of the spatial frequency or th
wavelength and will be expressed in the unit m2m~1 = m3 or in the unit m2/mm, respectively.

e (texture)

NOTE 4  The word “Power” in this designation originates from electric and acoustic signal terminology where signals

incorporate actual power and where the squared amplitude is a measure of this power.

© 1SO 2008 — All rights reserved
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4 Basic outline of methodologies of spatial frequency analysis

Principally, there are three alternative methods to obtain a spatial frequency spectrum in constant-percentage
bandwidth bands of octave- or one-third-octave width. These three methods are:

Method 1 — analogue constant-percentage bandwidth filtering;

Method 2 —  digital constant-percentage bandwidth filtering;

Method 3 —  constant narrow _bandwidth frequency analysis by means of Discrete Fourier Transform,
followed by a transformation of the narrow band spectrum to an octave- or one-thirp-
octave-band spectrum.

All three Imethods may be expected to give equivalent results (within the confidence intervals arising from

measurefent and analysis uncertainty), on condition that the signal quality is high (among otherthings: frge
uts), and that in each of the methods, all signal processing components fulfil the requiremenits
in this Technical Specification. If, however, the signal is not free from drop-outs; Method 1 is npt

of drop-g
specified
recommel
erroneou

Method 2
offer greg

The thre
analogue|

nded because it does not include the possibility for treatment of drop-outs, which may lead
5 results.

ter flexibility in the choice of analysis parameters.

percentage bandwidth filtering and the right path shows the steps.for analysis using the Discrete Fouri

Transforn
NOTE 1

NOTE 2

n.

In the stepwise approach of Method 2, the steps of “digital sampling” and “digital filtering” may be integrated.

The different steps of Methods 2 and 3 may be iniplemented in hardware as well as in software.

and 3 will produce fully equivalent results. Method 3 includes more_ steps than Method 2, but may

b alternative methods are shown in the scheme of Figure 25The left path shows the steps fpr
constant-percentage bandwidth filtering, the middle path/shows the steps for digital constant-

o

er
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Measured surface profile
(see Clause 5)

L 3-DFT +
2 - Digital bandwidth
filtering

tramrsformation
(see Clause 8) (see Clause 9)

1 - Analogue

filtering T R —
Anti-aliasing filtering Anti-aliasing filtering
(see Clause 7) (see 6.4) (Ses 6.4)
Digital sampling Digital sampling
(see 6.5) (see 6.5)
Treatment of drop-outs Treatment of drop-outp
(see 6.3) (see 6.3)
Slope and offset
Analogue constant- suppression (see 9.2
percentage bandwidth ¢
filtering
(see Clause 7) Windowing
(see 9.3)
Digital, constant-percentage ¢

bandwidth filtering

(see Clause 8) Discrete Fourier

Transform (see 9.4)

!

Power Spectral Density
(see 9.4)

!

Transformation to constant-
percentage bandwidth
(see Clause 10)

Power Spectrum with constant-percentage
bandwidth (see Clause 10)

Figure 2 — Scheme for spectral analysis with reference to clauses and subclauses where the subject
is discussed
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5 Sampling of surface profiles

5.1 Sampling of road sections

The most common and preferred way of sampling the surface profile of a road section is along a straight line
in the longitudinal direction of the road. Alternatively, the profilometer may follow other trajectories, adapted to
the nature of the survey, e.g. transverse and oblique lines, circles, spirals or sinusoids. Sampling along
longitudinal lines may be carried out either in the left or the right wheel track or in between wheel tracks.

In any cgsse; the exact ehann and nnelhr\n of-the egmr\llnn traioctons shall be noted -and renorted -accurately
g T 4 1 Y -

The spectral analysis shall only be performed on data sets which are derived from a single type of trajectory,

The requ(red evaluation length depends on the frequency analysis to be performed. This leads to the' following
requirements for the evaluation length /:

) 5 Jmax for octave bands
l 157 for one-third-octave bands

\2\%

max

where 4k, is the longest (one-third-) octave-band-centre wavelength used in the spectral analysis.

NOTE These requirements imply that the octave-band levels, respectively one-third-octave band levels, determingd
over thesq evaluation lengths will be within a 95%-confidence interval of approximately + 3 dB around the true band levgls
(that wouldl result from an infinitely long evaluation length).

For samgling of test sections in the longitudinal direction, the following procedure is recommended.

Several grofile measurements distributed over the length of thecfoad section shall be carried out. Each profile
measurefnent length and/or evaluation length shall be large enough to meet the requirement for the maximum
wavelengdth of Equation (3). The measured profiles shall be evenly distributed along the test section.

The number of profile measurements shall be such that the surface characteristics are well represented by tle
measured parts of the test section. The profiles measured shall be analysed separately. When the profilgs
measured constitute a representative sample:from the test section under consideration, the relative standard
deviation|may be regarded as an estimate‘ofi the degree of variation of the surface characteristics along the
test sectiopn.

It is recommended that each evaluation length be at least 1 m; such an evaluation length enables a one-thirg-
octave-band 4 of approximately 0,08 m, which is sufficient to cover the macrotexture range.

max
EXAMPLH See Figure 3.
length of test section I
longgst (texture) wavelength Amax

number-of profile measurements N,

evaluation length /

profile measurement length 1p
T I,

repetition interval r=—

8 © 1SO 2008 — All rights reserved
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A
A J

Tlhe number of profile measurements N, with profile measurement length lID can each be divided intolparts with
lepgth 1.

Figure 3 — Test section of length /. measured with a repetition interval »

5|2 Measurement of laboratory samples
When testing road surface samples in the laboratory, it is advisable 10 use the largest samples ava

profilometer along parallel lines. The evaluation length [ wilh bé equal to the length of one unir
s¢anned line.

Rpund samples may be scanned along the diameter_0n along a spiral or circular trajectory. The ¢
length 7 will be equal to the length of the uninterrupted scanned trajectory.

The relationship between the evaluation length /-and the longest centre wavelength (4,,,,) to be us
spectral analysis according to Equation (3) is-also applicable in the case of laboratory sample testing

NPTE It is advisable to maintain a distance between parallel sampling lines or between the subsequent
S:Fral trajectory such that the digital samples on one line or part of the trajectory can be considered to be

n

anmalysis.

6| General principles and requirements

6|1 Requirements concerning profilometers

The profilemeéter used to trace and/or sample the pavement texture irregularities shall comply
rgquirements specified in ISO 13473-3 that are applicable to the wavelength range class under obs¢
s¢veral\Wavelength range classes are being observed, the strictest requirements of these ranges
fylfilled.

evaluation

lable and

tqd make maximum use of the dimensions of the sample. Rectangular samples should be scanng¢d by the

terrupted

valuation

ed in the

parts of a
statistically

ependent from the digital samples on neighbouring lines, in relation to the range of wavelengths included in the spectral

with all
rvation. If
shall be

6.2 Conversion of spatial frequencies to temporal frequencies

6.2.1 General

When sampling a texture with a measurement speed v (in m/s), the signal obtained will be a functio
The frequencies within the time signal are defined as temporal frequencies ﬁp (in Hz or s7"). The
frequency is related to the spatial frequencyfsp (in m=") according to:

Jip=v/sp

© 1SO 2008 — All rights reserved
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A relative change in speed Av/v will cause a relative change in temporal frequency Af, / /i, given by:

Aftp _&

5
Jip v ©)

The resulting variation of the temporal frequency will cause analysis errors. There are two possible ways to
control these errors, which are discussed in the following two sub-clauses.

6.2.2 Minimization of speed variations

Variations in speed shall be slow in comparison to the surface amplitude variations to be detected. Therefor
the maximum frequency of the speed variations as a function of time shall be less than 10 % of the Mminimum
temporal [frequency (in Hz) to be analysed.

@

As well for constant-percentage bandwidth filtering (Methods 1 and 2) as for constant narrow bandwidth
frequency analysis followed by conversion to a constant-percentage bandwidth spectrum (Method 3) the
amplitudg of the speed variations shall comply with the following requirements concerning the maximum
relative speed variation over one evaluation length:

For qctave-band analysis: Av [ v shall be smaller than or equalto™ 10 %
For gne-third-octave-band analysis: Av /[ v shall be smaller than orequalto 5 %
NOTE The maximum values of Av /v are chosen such that the maximum error in the power per frequency band

resulting fflom the speed variations will normally not exceed 0,4 dB for a ¢ontinuous texture spectrum. Larger errors may
occur, however, for surfaces with irregular frequency spectra, e.g. grooved-pavements (see Annex C).

6.2.3 Regal time compensation for speed variations during measurement

An alterngtive for minimization of speed variations is to,compensate for the speed variations and the resulting
frequency variations during the execution of the measurement. This shall be done in the following way.

In order tp acquire a correct digital representation of the surface profile as a function of the measured distange,
it is necgssary to take samples at constant_$ampling intervals Ax along the measurement trajectory. Whegn
sampling|at a measurement speed v, the-signal obtained will be a function of time. For a given temporal
sampling frequencyftp’s, the temporaksampling intervals At = 1/ftp,s will produce spatial sampling intervals Ax
according to:

Ax F At-v =
tp,s

When the speed js\Constant, the temporal sampling intervals Ar will be converted into constant spatial
samplinglintervals\Ax. If the speed shows variations, the spatial sampling intervals will vary as well.

This can| be ‘prevented by applying a speed dependent sampling frequency. Thus, speed variations afe
compenshted by proportional variations in the temporal sampling frequency so that the resulting spatial
sampling intervals remain constant. Speed dependent sampling can be achieved by using a speed dependent
signal, e.g. derived from the drive mechanism of a measurement vehicle, to control the sampling frequency
generator.

If compensation for speed variations during the execution of the measurement is not possible, the
compensation may also be carried out during the processing of the measured data according to the method
indicated in Annex D.
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6.3 Drop-outs

:2008(E)

The measurements on a particular pavement shall be considered valid only if the drop-out rate for the
evaluation length in question is not more than 10 % and linear interpolation is used to replace the invalid
samples.

Several drop-outs in a series may occur, as is illustrated in Figure 4. When a series of invalid samples is
preceded and followed by valid samples, each of the invalid samples shall be replaced by an interpolated
value z; according to Equation (7):

W

m
in

f

M

=1

shall be replaced by the value of the nearest vatid*sample. This method of extrapolation shall be lin

slibstitute for the drop-out value(s). In-such a case, the drop-out rate shall not exceed 5 %.

z, —Zz .
z; :ﬁ(l—m)+zm
here
i is the sample number where the value is invalid;
m is the sample number of the nearest valid value before i;
n is the sample number of the nearest valid value after i;
z; s the interpolated value for sample i
z,, is the value of sample m;
z, is the value of sample n.
hen the invalid sample(s) constitute(s) the beginning or the end of a sampled profile, the invalid

aximum length at either side of the sampled-profile data series equal to the shortest centre wavele
the spectral analysis.

interpolation or extrapolation is net-used, the last reading before the drop-out(s) shall be u

easurements with higher drop=out rates than the allowable values shall be discarded.

DTE For the evaluation of road surface singularities (such as joints), such singularities may be in
Cluded in the analysis,(oR condition that no invalid readings of the sensor occur.

(7)

samples
hited to a
ngth used

ted as a

tentionally
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NOTE In this case, there are three intermediate consecttive drop-outs, which are linearly interpolated between the

samples a} position m and n, and one extreme drop-out, which is extrapolated from the preceding sample.

Figure 4 — lllustration of inferpolation and extrapolation of drop-outs

6.4 Anti-aliasing filtering

If digital ampling is involved in_the spectral analysis method, aliasing errors (see Annex B) may occur. |n
order to avoid such errors during the spectral analysis, the analogue signal representing the surface profile
shall be filtered before digital“sampling with a low-pass filter with a cut-off frequency lower than half the
sampling|frequency.

The filter|characteristics shall be such that there is a flat response within 0,4 dB up to the highest frequency fo
be analyded. The attenuation of the filter at half the sampling frequency shall be 60 dB or more.

If the anglogue S|gnal is mherently filtered by the detect|on process of the profllometer itself (such as t
filtering b ) Ira
of this inherent filtering and the anti-aliasing filter shaII meet the above mentioned requirements.

The requirements with respect to the filter characteristics may be alleviated if it can be determined from
preliminary information that the surface profile spectrum will be continuous and smooth in the frequency range
of interest.

6.5 Digital sampling
When the spectral analysis method involves digital sampling, it shall be performed at spatial sampling

intervals Ax that are determined according to ISO 13473-3 for the shortest wavelength involved in the spectral
analysis.

12 © 1SO 2008 — All rights reserved
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The required temporal sampling frequency fip, s (in Hz) for a moving profilometer can be obtained from the
requirement concerning the spatial sampling interval Ax (in m) and the measurement speed of the profilometer
v (in m/s) by:

v

Ax (8)

ftp,s =

Sampling shall be performed with constant (spatial) sampling intervals. To maintain a constant sampling
interval, it is recommended that the temporal sampling frequency be adjusted continuously to the
easurement speed (see Annex D). If this method of compensation is not possible, variations in the
measurement speed will cause analysis errors, which shall remain relatively small. If digital samplirlg is used
tq derive an octave- or one-third-octave-band spatial frequency spectrum, the requirements for.the maximum
rglative speed variation of 6.1 apply.

flthe final result of the narrow band analysis by means of Discrete Fourier Transform is a narfow band
spectrum, only the method of compensation for the speed variations shall be used,to achieve a| constant
siatial sampling interval.

7| Spectral analysis in constant-percentage bandwidth bands (octave- or onetthird-
octave bands) by analogue filtering (Method 1)

The method of spectral analysis by analogue constant-percentage bandwidth filtering shall only be|used if it
cIn be verified that the measurement signal from the profilometer is completely free of drop-ouits. Such
verification may consist of detailed visual inspection of the (analogue) recorded profiles or the use ¢f a drop-
out detection system on the profilometer.

The analogue signal obtained by tracing the surfacexprofile may be fed directly into analogue octave- or third-
og¢tave-band filters. These filters, used for frequengy analysis in constant-percentage bandwidth bapds, shall
have centre texture wavelengths and centre ;spatial frequencies according to 1ISO 13473-2:2002| (4.4 and
Thable 1), which is established so as to numerically correspond to the bands specified in IEC 61260. The upper
and lower cut-off (-3 dB) frequencies of each’band, as well as the shape of the filter frequency respanse shall
conform to IEC 61260.

n

requency analysis by analogue filtering may be applied directly to the time signal resulting [from the
measurement of the surface profile with a profilometer with a measurement speed v. The temporal {frequency
and the pass band of the-filters shall be adapted to the measurement speed. If fg, , is the |mid-band
frequency of the required-spatial frequency band, the temporal centre frequencyftp, m Of the filter sha|l be:

ftp,m = stp,m 9)

n

br standardized band pass filters with a fixed series of temporal centre frequencies, the speed of the
measurement'shall be adjusted such that the filtering corresponds to the preferred spatial frequency bands

(dqompliant with Table 1 of ISO 13472-2:2002). Using the preferred base-ten system, the measurement shall
be conducted at one of the speeds determined according to Equation (10):
3n
v=3,6-1010  km/h for one-octave bands (10)
n
v=3,6-1010  km/h for one-third-octave bands
where n is an integer, the value of which can be freely chosen from the series: ...,-2,-1,0,1, 2, ... in order

to obtain a desired speed.

In Table 1, the one-third-octave-band spatial frequencies are listed with the required temporal frequencies for
three different examples of measurement speeds from the series defined by Equation (10).

© IS0 2008 — Al rights reserved 13
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Table 1 — List of one-third-octave-band spatial frequencies and the required one-third-octave-band
temporal frequencies for three different measurement speeds

Texture One-third-octave-band | One-third-octave-band | One-third-octave-band | One-third-octave-band
wavelength spatial frequency temporal frequency temporal frequency temporal frequency
at speed 18 km/h at speed 36 km/h at speed 72 km/h
in mm inm™? in Hz in Hz in Hz
500 2,00 10,0 20,0 40,0
40 256 4255 256 5656
315 3,15 16,0 31,5 63,0
250 4,00 20,0 40,0 80,0
200 5,00 25,0 50,0 100
160 6,30 31,5 63,0 125
125 8,00 40,0 80,0 160
100 10,0 50,0 100 200
80,( 12,5 63,0 125 250
63,0 16,0 80,0 160 320
50,0 20,0 100 200 400
40,d 25,0 125 250 500
31,5 31,5 160 315 630
25,4 40,0 200 400 800
20,4 50,0 250 500 1000
16,( 63,0 315 630 1250
12,4 80,0 400 800 1600
10,0 100 500 1000 2000
8,00 125 630 1250 2 500
6,30 160 800 1600 3200
5,00 200 1000 2000 4 000
4,00 250 1250 2500 5000
3,15 315 1600 3150 6 300
2,5( 400 2000 4 000 8 000
2,00 500 2 500 5000 10 000
1,60 630 3150 6 300 12 500
1,24 800 4 000 8 000 16 000
1,0d 1000 5000 10 000 20 000
0,8( 1250 6 300 12 500 25000
0,63 1600 8 000 16 000 32 000
0,50 2000 10 000 20 000 40 000
0,40 2 500 12 500 25000 50 000
NOTE Otave-band frequencies are printed in bold.

14
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8 Spectral analysis in constant-percentage bandwidth bands
(octave- or one-third-octave bands) by digital filtering (Method 2)

The method of constant-percentage bandwidth filtering by means of digital filters shall be conducted according
to the following steps:

a) anti-aliasing filtering according to 6.4;

b) digital sampling according to 6.5;

Cc illtclpu:atiun of dlup-uuta (If ||ccdcd) auuUIdillg to 03,
d) digital constant-percentage bandwidth filtering.

The last step mentioned above shall be performed with digital octave- or one-third-octave-band filtefs. These
filtkers shall have centre texture wavelengths and centre spatial frequencies according'to 1ISO 13473-2:2002
(4.4 and Table 1), which are established so as to numerically correspond to the bands,specified in IHC 61260.
The upper and lower cut-off (-3 dB) frequencies of each band, as well as the shape of the filter frequency
rgsponse shall conform to IEC 61260.

If|digital filtering is applied to the sampled time signal resulting from the measurement of the surfage profile,
the temporal frequency and the pass-band of the filters shall be adapted to the measurement speed v as
specified in Clause 7, Equation (9) and Equation (10) and examples in<Table 1.

9 Spectral analysis in narrow constant bandwidth bands by means of Discrete
kFast) Fourier Transform methods (Method 3)

—_—

1 Overview of methodology

ne methodology to derive a constant-percentage bandwidth power spectrum from a road surface [profile by
screte Fourier Transform or Fast Fourier Transform consists of the steps listed in Table 2.

O+ «©

Table 2 — List of steps to-be performed for Discrete Fourier Transform analysis

Step Result Discussed in clause

Anti-aliasing filtering Analogue signal 6.4

Digital sampling Digital signal sampled at intervals Ax ( = v/f; ) 6.5

Interpolation of drop-outs Digital signal with interpolated values at drop-outs 6.3

Offset suppression Digital signal with zero average 9.2

Ylope suppression Digital signal with zero slope 9.2

. . Finite sampled signal with length

Windowing ) ) 9.3
/= Ax - N with N being the number of samples

Discret&Fourier Transform Complex.spectrum with constant bandwidth Afsp =1/l at 9.4
frequencies 0 ... (N — 1) Afg,

Tiransformation to Power Speciral Paower density spectrim with constant bandwidth Af__= 1/ o7

Density at frequencies 0 ... (N - 1) Mep ’

Transfgrmatlon o constant relative Profile level spectrum with constant-percentage bandwidth 10

bandwidth spectrum

NOTE The Discrete Fourier Transform is a Fourier transform of a sampled signal with a finite number of samples.

Mostly, it is referred to as Fast Fourier Transform (FFT). The adjective “Fast” refers to the efficient algorithm that is used
for the transformation. The algorithm works most efficiently when the number of samples is a power of 2. In many
programming languages where the Fourier transform is referred to as FFT, the language simply uses the fastest possible
algorithm. Some programming languages might require that the number of samples be a power of 2. A Fourier transform
for an arbitrary number of samples could be indicated as DFT (Discrete Fourier Transform). In this document, no
distinction will be made between Discrete Fourier Transform and Fast Fourier Transform; both will be indicated as DFT.
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9.2 Slope and offset suppression

Let z; be the measured signal value for sample i at x; and N be the number of samples within the evaluated
signal, then the slope b4 of the surface profile is given by:

N-1 N-1
12 iz; - 6(N-1) ) z
b1 _ i=0 i=0 (11)

N(N+1)(N-1)

The offseft b, of the surface profile is given Dy:

bo _z = by(V-1) (1p)

The meagured signal value z; shall be corrected for slope and offset according to Equation (13) resulting in the
corrected sampled signal value Z;:
Z; =|z; — byi — by for i=0,.,N-1 (1B)

NOTE For the calculation of the slope and offset correction, the surface profile isdreated as a function of the sample
number i, And not of the measured distance x (= i Ax).

9.3 Winhdowing

The Discfete Fourier Transform is based on the assumption that.the input signal repeats itself with a perigd
equal to the signal duration. For instance, a signal sampled.over a distance / is considered to repeat itself pt

, =21, -, 0, 1, 21, ..., etc. At the edges of the signal, there might be a jump in the composite signal, this effect
is known|as leakage. Leakage has its effect on the spectrum that is obtained. To prevent leakage, a windo
which redquces the signal to zero at the edges, shall be ‘applied.

=

The preferred window type to be used for spectral analysis of surface profiles is the Hanning window. This
window hias the shape of a squared cosine and.is defined as:

1-cos(2ni/N
wl.H::M =1- cosz( ] for i=0,...,N-1 (14 )
’ 2 N

Because [of its shape, the Hanhing window reduces the effective length of a signal, which influences the Igw
frequency content of the signal. Therefore, an alternative window, the Split Cosine Bell Window (SCBW;
sometim@s indicated as Cosine Digital Tapering Window) may be used if the evaluation length of the profile |is
shorter than 1,0 m. The shape of the SCBW is that of an increasing squared cosine in the first tenth of the
window lg¢ngth and atdecreasing squared cosine in the last tenth. In the intermediate section of eight tenths pf
the length, the window is equal to unity, as follows:

cosz(@—ﬁj for 0<i<N/10
N 2

wic =1 1 for N/10<i<9N/10 (14 b)
cosz[@—%] for ON/10<i<N
N 2

A disadvantage of the SCBW is a loss of spectral resolution compared to the Hanning window, caused by
spectral errors due to side-lobe leakage. Therefore, the use of the SCBW is not generally recommended and,
when it is used, this fact shall be stated clearly in the analysis report. However, actual roads do not tend to
have such regular deformations that very specific wavelength peaks are normally present in the spectrum.
Consequently, the spectral resolution will not always be an important issue.
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Figure 5 — An illustration of the application of a Hanning window and
a Split Cosine Bell Window (SCBW)
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The window shall be applied by simply multiplying the signal with the filter function (see Figure 5). Because
the signal will be attenuated by this operation, it shall be normalized by dividing the product by the integral of
the window. Therefore, the window shall be applied as follows:

For the Hanning window:

_WiH Z; . B
Zl',Win_W for l—O,...,N 1 (153)

For the Split Cosine Bell Window:

_Wic Z .
Zi,Wn_W for l—O,...,N—1 (15 3)

The gendral equation for determining the windowed profile is given in Equation (15 c):

Ziwh = ——2i—  for  i=0,..,N-1 (15F)

9.4 Disgcrete Fourier Transform and Power Spectral Density

The Disctete Fourier Transform (DFT) Z, of the windowed profile is defined by:

1N j(an] R
Zkzﬁz i win © for  k=0,..,N-1 (1p)
i=0

in which jis the imaginary unit (j2 = —1).

NOTE 1 |Z, is a function of the spatial frequency, while Z; ., is a function of the measured distance. Thus, the DFT

comprises|a transformation from the distance domain to the spatial frequency domain.

In some goftware packages that provide-a DFT or FFT, this definition may be different, where the factor 1/ Nfis
sometim@gs disregarded or replaced by 1/\/ﬁ This can be checked by applying Parseval's theorem defingd
by:

N-1 5 N-1 5
[Fiwin| =N J23] %)
k=0

=0

If Equatign (17).proves to be true, the DFT is in accordance with Equation (16); if not, the documentation pf
the software should be checked for the definition used.

NOTE 2 Equation (17) compares the total power of the signalin the distance domainwith the total power of the signal
=T 7 ™ ™ 4 L e

in the spatial frequency domain and thus checks whether the law of the conservation of energy is satisfied.

The result of the DFT is a constant bandwidth narrow band spectrum with complex values. The bandwidth
depends on the evaluation length / and is equal to:

1
Afsp :7 (18)

The frequency scale starts at 0 with steps equal to Afg, until (N — 1)Afg, (note: NAfg, = 1/Ax). Only the
frequencies up to ("2 — 1)Afg, shall be used for further evaluatlon
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To obtain the power spectral density (PSD) from the results of a DFT the amplitude of each narrow band shall
be squared and divided by the spectral bandwidth according to Equation (19):

for k=0,..,(AN-1) (19)

The narrow band spectral value of the profile level Ly, , is calculated with:

[ 2\
th’k:10IgL2 Zk J for k=0, .., AN-1) (20)

Aref

where

aef  Is the reference value of the surface profile amplitude (= 10-6 m);

Ly is the profile level within frequency band f; with bandwidth Afg,, (dB).

9[5 Wavelength resolution

Fpr a constant narrow bandwidth spectrum, the spatial frequency resolution is constant for all spatial
frequencies. The spatial wavelength resolution Alg,, on the other hand, is not constant but depengls on the
centre spatial wavelength Ag, (= 1/fg,) itself, and can be desgribed according to Equation (21) (see Annex E):

2
:Hi (21)

Mg
p 2 2
! _%’lsp

10 Transformation of constant . bandwidth spectral data to constant-percentage
bandwidth spectral data

The transformation of a constant bandwidth spectrum to a constant-percentage bandwidth spectrum can be
performed according to the procedure specified below, which is valid only for a transformation on the spatial
frequency scale. A procedure for a transformation on the wavelength scale would require other, morg complex
equations.

Fpr the derivation ©f,a constant-percentage bandwidth spectrum from a constant bandwidth spedtrum, the
band pass (fractional-octave-band) filters may be assumed to be “ideal”, i.e. the pass-band is [a square
wjndow in the_ffequency domain. The total power within this window is obtained by summation of all narrow
band powef contributions falling within this square window (see Figure 6). The power of a narrow pand that
coincides-with the boundary between two consecutive fractional-octave bands is divided proportiopally over
thesedractional-octave bands.

IZ e lrr. 4l £ - 1 n I} (] - 4l 1 Lo £ 4l Il (]
T IS PUWET Z m WILTTITT Ue 1TTatuurial=ogtiave udria 7 15 U1us LdaitulidieU MuUrlr uie riditow udiid Ppuwe Spectra|

density according to Equation (22).

-15
Zp,m = ZPSD,Io '(fsp,lo +%'Afsp —10 10~ fsp,mj""

up—1
Z ZPSD,k ‘Afsp + (22)

k=lo+1
1

5
ZPSD,up '[1010"fsp,m _fsp,up +%'Afsp]
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where

Tspm

fsp,lo

is the centre frequency of the fractional-octave band m;

is the centre frequency of the narrow band that coincides with the lower boundary of the
fractional-octave band;

Zpsplo Is the Power Spectral Density of the narrow band that coincides with the lower boundary of the

fractional-octave band;

Jsp.ud is the centre frequency of the narrow band that coincides with the upper boundary ofsthe
fractional-octave band;

Zpsup s the Power Spectral Density of the narrow band that coincides with the upper boundary of the
fractional-octave band.

NOTE Equation (22) consists of three parts: 1) the proportional part of the power of the narrowband coinciding with

the lower [boundary of the fractional octave; 2) the summation of all narrow bands falling within ‘the fractional-octave;

and 3) the

The lowe

and has the following relationship to fg;, 1o

Isp,

The upp€

and has the following relationship to fg, p:

Jsp,

The fract

th,n

where

Aref

proportional part of the power of the narrow band coinciding with the upper boundary of the fractional octave.

-15
 boundary frequency of the fractional-octave band mis: 100" fg,

-15
1 Ton 1
b~ sp < 107" fspm < Ssp10 50 sp

15

r boundary frequency of the fractional-octave band m is: 1010~ Sspm's

15
1 Tou 1
p ~20sp < 1079 fop m < Sop,up + 20 sp

onal-octave-band (texture) profile level is calculated with:

- 10|g(zp'mj dB (2B)
2

Aref

is the-reference value of the surface profile amplitude (= 106 m);

1sthe (fnvhlrn) prr\filn level within fractional-octave band (raf 10-6 m)’ indecibels

th,m

In the case of octave-band filtering, the profile level shall be indicated as Lty ,, (TX written as capitals).

20
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Af

sp

Key

=N

passband of 1/n-octave band

Tihe power contained within the narrow bands coinciding with the upper and lower fractional-octave-band bodindaries is
allocated proportionally to the adjacent fractional-octave bands.

Figure 6 — lllustration of the allocation of the power contained within the narrow bands to a gpecific
fractional-octave band

11 Uncertainty of analysis results

The uncertainty of resylts obtained from spectral analysis of pavement surface profiles according to this
Technical Specification shall be evaluated, preferably in compliance with the ISO/IEC Guide 98-3. If|reported,
the expanded uncertainty together with the corresponding coverage factor for a stated coverage propability of
9% % as defined-in the ISO/IEC Guide 98-3 shall be given. Guidance on the determination of the ¢xpanded
uncertaintyis, given in Annex A.

The uncertainty of the results of spectral analysis of pavement surface profiles will be determined by
contributions from two main origins:

— the uncertainty of the measured surface profile signal, which constitutes the data input for the
spectral analysis process;

— the added uncertainty caused by the spectral analysis process itself.
For the evaluation of the combined standard uncertainty and the expanded uncertainty of the octave-, one-
third-octave- or fractional-octave-band levels resulting from the spectral analysis methods, the contributions

from both origins shall be taken into account. In this Technical Specification, the emphasis is on the
contribution of the spectral analysis process.
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12 Reporting of analysis results

When re

14)

15)

16)

17)

18)

NOTE
(Method 1

22

porting analysis results, the following information shall be included:
date of measurement;
location and identification of the road section or laboratory test samples measured;

description of the type of road surface measured;

fescription of the surface condition, (contamination, moisture, deterioration, cracks, joints, etc.);
hape, position and orientation of the sampling trajectory;

otal length of the measured road section or dimensions of laboratory test samples;

epetition interval;

bvaluation length;

number of evaluations within one profile measurement;

measurement speed and variation;

norizontal and vertical resolution of the sensor;

ist of equipment used (manufacturer, type and serial number);

bctave, one-third-octave or fractional-octave band:
Hrop-out rate;

pctave-, one-third-octave- or fractional-octave-band levels presented as an arithmetic average ov
bll evaluation lengths of a test section, presented in tabular and in graphic form;

bs uncertainty areas onreither side of the average values in the graphic form;

bptional: the octate;; one-third-octave- or fractional-octave-band levels for each evaluation length
he test sectionj\presented in tabular form or in graphic form;

o the method given in Annex A.

H o
1S5 USTU.

bptional: standard deviations,'of the individual octave-, one-third-octave- or fractional-octave-band
evels over all evaluation (engths of a test section, presented as numerical values in tabular form and

bptional; €éxpanded uncertainty of the results specified under 15), 16) and 17), determined according

The'items “interpolation” and “type of window” as mentioned under 13) do not apply when analogue filteri||19

jescription of the characteristics of the analysis: analysis method, interpolation or not, type of winddw,
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At—Generat
The final results of the spectral analysis methods treated in this Technical Specification consist o
Hird-octave or fractional-octave-band levels, which together constitute a spectral representation

t
stirface profile. The method does not constitute a complete measurement method, but*only a n

ISO/TS 13473-4

Annex A
(normative)

Uncertainty of spectral analysis results

:2008(E)

ocessing of data that are acquired according to measurement methods that are not treated in this d

f octave-,
bf a road
hethod of
ocument.

herefore, the uncertainty of the final result can only partially be attributed to, factors discuss
pcument. Other contributions to this uncertainty will be determined by factofs~related to the me

nex. The uncertainty contributions from the second group must be derived from standards des

hnex too.

corporates an uncertainty budget, in which all the various-sources of uncertainty are identified and

bm which the combined standard uncertainty can be obtained. The (quantitative) data necessary to
e combined standard uncertainty are only partially~available at the moment. In so far as the u
bntributions cannot be quantified, indications are given of possible assessment methods

Lantification.

nally, in accordance with ISO/IEC Guide 98-3, the combined standard uncertainty must be multipl
bverage factor in order to achieve an expanded uncertainty with a coverage probability of 95 %.

.2 Expression for the calculation of the fractional-octave-band levels

d in this
urement

ocess. The uncertainty contributions from the first group of factors will be “‘analysed and discussgd in this

ibing the

easurement methods. The measured surface profiles will be considered as input data and the propagation
the uncertainty of the input data to the output of the spectral apalysis process will be discussgd in this

he format for expression of uncertainties in this annex is invconformity to ISO/IEC Guide 98-3. This format

juantified,
calculate
ncertainty
for such

ed with a

The general expression for-the calculation of the fractional-octave-band level, L;, ,, is given by the|following
equation:
th,m = th,m + Ameas + 5Iength + 5speed + 5drop + 5alias + 5slope + 5window + 5fi|ter (A-1 )
where
Lix i is the expectation (mean value) of the result of the spectral analysis, expressed as the
fractional-octave-band level derived from Equation (23);
— is_the Fourier Transform of an inpnf qnnnﬁfy to_account for any deviation causgd by the
measurement process of the surface profile [which is transformed into a deviation of the
spectral values by propagation through the spectral analysis process (see A.3.2)];
5|ength is an input quantity to account for any deviation caused during the spectral analysis process by
possible limitations of the evaluation length;
Ispeed is an input quantity to account for any deviation caused during the spectral analysis process by
variations of the measurement speed;
5drop is an input quantity to account for any deviation caused during the spectral analysis process by
the occurrence of drop-outs;
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Oglias is an input quantity to account for any deviation caused during the spectral analysis process by

imperfections of the anti aliasing-filter;

Islope is an input quantity to account for any deviation caused during the spectral analysis process by

imperfections in the slope and offset suppression;

1)
a reduction of the effective signal length due to windowing;

window 1S @n input quantity to account for any deviation caused during the spectral analysis process by

Ofilter is an input quantity to account for any deviation caused during the spectral analysis process by

octave filters (analogue or digital).

NOTE The input quantities included in Equation (A.1) to account for uncertainty contributions are those thaought to

applicable|in the state of knowledge at the time of preparing this Technical Specification, but further researchicould revegal

other types of uncertainty contributions.

A.3 Contributions to the spectral analysis uncertainty

A.3.1 General

As expregsed in Equation (23), the expectation (mean value) of the fractional-octave-band level Ly, is

logarithmjc function of the power Z, » contained within the fractional-octave band m, which in turn is obtaingd

from the measured quantity z; in a serles of conversion steps, expressed-by the Equations (13), (15c), (16
(19) and {22).

Consequently, the input quantity A, ., to account for thécombined deviations resulting from tf
measurement process must be derived from the measurementuncertainty of the measured quantity z;. Th
uncertainty will be specified in the International Standard.describing the specifications for profilomete|
(ISO 134f3-3). The way the measurement uncertainty-of z, is propagated through the spectral analyg
process ipto a (partial) uncertainty associated with Liy 18°described in A.3.2.

The uncdrtainties associated with the input quantities A and ¢ are assumed to be of a stochastic nature and
probability distribution (normal, rectangular, etc:)'is associated with each of these quantities. Its expectatiq
(mean vglue) is the best estimate for the value' of the quantity and its standard deviation is a measure of tf
dispersiop of values, termed standard uncertainty. It is presumed that the mean values of all of the inp
quantitie§ given in Equation (A.1) are<equal to zero. However, in any particular determination of a fractiona
octave-band level during the spectral analysis of a road surface profile, the uncertainties do not vanish ar
they contribute to the combined standard uncertainty associated with the values of the fractional-octave-bar
levels.

The estinmation of the uncertainties associated with the input quantities should preferably be carried out for tf
actual parameter values“and conditions that apply to a specific spectral analysis case. In A.3.3, there is
discussionp of how the“uncertainties can be evaluated and indications are given of typical values of tf
standard juncertainties that may be expected for the three spectral analysis methods discussed in Clause 4.

A.3.2 Propagation of measurement uncertainty through the spectral analysis process

imperfections of the pass band characteristics of the octave-_one-third-octave- or fractional-

pe

~

e
s
Is
is

a
n
e
ut
|-
d
d

If the measurement uncertainty of the measured profile signal z; has the character of a stochastic non-

correlated deviation, this may be written as:

Z; =Z; ¥ Omeas,i (A.2)
where
z_i is the expectation (“true” value) of the sampled displacement value of the profile z;
Omeas,; IS the random deviation added to each sample i due to inaccuracies of the measurement
process.
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The Fourier transform of such a simple sum of two variables is equal to the sum of the Fourier transforms. If,
according to 9.3, the profile z; is multiplied with a window function w; in the spatial domain, this will result in a

convolution and a summation in the frequency domain as follows:

Zy =Wy *Zj+ Wy * Aneas i

where
Z, is the Fourier transform of the sampled displacement values of the profile z;;
W, is the Fourier transform of the windowing function w;;
Z is the Fourier transform of the expectation of the sampled displacement values’ of the {
Ameasx 1S the Fourier transform of the random deviation due to inaccuracies of the meg

Process dmeas /-

Ffom this very generally formulated result, it may be inferred that if the uncertainty in the spatial don
sfochastic nature there will not be a frequency dependency of the uncertainty.in-the frequency domai

If[the uncertainty has the character of a white noise-like contribution to\the profile signal, the spectr|
independent increase of the Power Spectral Density of the “true’. profile. If this influence is visual

logarithmic amplitude scale, the influence will seem larger for those parts of the spectrum with a loy
the PSD.

(A.3)

rofile z;
surement
ain has a
n.

Um of the

uncertainty will be a constant in the frequency domain. This means that the uncertainty will cause a frequency

zed on a
Vv value of

If| presented in octave, third-octave or fractional-octave-band levels on a logarithmic frequency gcale, the
spectrum of a white noise increases with 3 dB per.,oCtave with increasing mid-band frequency. THis means
that for octave, third-octave or fractional-octave-band representations of the spectrum the influenge of this
type of uncertainty will increase with frequency.
AL.3.3 Uncertainty associated with the input quantities ¢
Al3.3.1 Spectral analysis uncertainty originating from evaluation length limitations
Ap indicated in 5.1, the minimum evaluation length should be 5 times the longest centre wavelength for
og¢tave-band analysis and /5-times the longest centre wavelength for one-third-octave-band analysis. If this
requirement is observed,, the standard uncertainty will be approximately 1,5 dB. When longer gvaluation
lengths can be applied,.the corresponding standard uncertainty will be reduced considerably as inglicated in
Thble A.1.
Table A.1 — Standard uncertainties as a function of evaluation length
Evaluation length expressed in number of wavelengths Standard uncertainty
Octave bands One-third-octave bands
5 dmax 15 nax 1,5 dB
15 Jnax 45 Jnax 1,0 dB
80 pax 240 J0y 0,5dB
360 2oy 1080 Aoy 0,25 dB
10 000 /5, 30 000 70y 0,05 dB
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A.3.3.2

Spectral analysis uncertainty originating from speed variations

The values of the standard uncertainty originating from speed variations as given in Table A.2 will be valid if
the requirements of 6.2.2 are fulfilled and if the spectrum is continuous and sufficiently flat. For conditions
deviating from these assumptions, the standard measurement uncertainties may be assessed according to

Annex C.

A.3.3.3 Spectral analysis uncertainty originating from the occurrence of drop-outs

The valugs-of-the-standard-uncertainty-originating-from-drop-out-cccurrence-may-be-assessed
results ofla study, see Reference [9] in the Bibliography.

If the drg
uncertain

If the drop-outs are not interpolated but substituted by the last valid reading and the drop-out percentage dogs
not exce¢

1,0 dB fo

A.3.34
The valu

Table A.Z
actual sp

A.3.3.5
suppress

Relevant
A.3.3.6

Relevant

A.3.3.7
or fractid

Relevant

A.3.4 Assessment of-uncertainty contributions

The cont
depend @
The sens
changes

p-outs are linearly interpolated and the drop-out percentage does not exceed 10 %, the'standa
y may be estimated at 0,5 dB.

d 5 %, the standard uncertainty may be estimated at 0,5 dB for wavelengths thelow 0,5 m and
wavelengths equal to or larger than 0,5 m.

Spectral analysis uncertainty originating from imperfections of anti-aliasing filters
es of the standard uncertainty originating from imperfections of anti-aliasing filters as given

are estimated in view of the requirements of 6.3. The use of ‘more appropriate values taken fro
pcifications or test results of applied anti-aliasing filters is adyisable.

Spectral analysis uncertainty originating from imperfections in the slope and off-set
Sion

values for the standard uncertainty resulting fromtthis origin have not yet been determined.

Spectral analysis uncertainty due to influence of signal windowing

values for the standard uncertainty resulting from this origin have not yet been determined.

Spectral analysis uncertainty.originating from imperfections of the octave, one-third octave
nal-octave-band filters

values for the standard uncertainty resulting from this origin have not yet been determined.

ibutions to _the combined uncertainty associated with the value of the fractional-octave-band levg
n each_of\the input quantities, their respective probability distributions and sensitivity coefficients,
tivity ‘coefficients are a measure of how the values of the fractional-octave-band level are affected !
in-the 'values of the respective input quantities. In the model used in Equation (A.1), all sensitiv

rd

At

in
m

Is

.
Dy
ty

coefficie

ts have the value 1. The contributions of the respective input quantities to the overall uncertainty a

e

then given by the products of the standard uncertainties and their associated sensitivity coefficients. Thus, the
information needed to derive the overall uncertainty is given in Table A.2.
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Table A.2 — Uncertainty budget for the determinations of the fractional-octave-band level

Hor uncertainty contributions related to the profile measurement process, reference'is given to the relevant measurement star

Quantity Estimate Standard Further information | Probability | Sensitivity Uncertainty
Uncertainty Distribution | Coefficient Contribution
ul- Ci ciui
in dB in dB in dB
A heas 0 *) See A.3.2 Normal 1 *)
ST 8 = See-A33+4 Normet 4 l*)
Ispeed 0 0,2 See A3.3.2 Normal 1 (l),2
Igrop 0 *) See A.3.3.3 Normal 1 )
Olias 0 0,1 See A3.34 Normal 1 1
Isiope 0 *) See A.3.3.5 Normal 1 )
Owindow 0 ") See A.3.3.6 Normal 1 ")
Sfitter 0 *) See A.3.3.7 Normal 1 )
*] To be determined according to specific conditions.
NOTE As explained in A.1, the uncertainty budget given above only contains Uncertainty contributions due to spectral analysis.

dard.

A.4 Expanded uncertainty of the spectral analysis

The combined standard uncertainty of the determination of the fractional-octave-band level u(L, ,,) is
the following equation:

8
LtX m Z
i=1

O/IEC Guide 98-3 requires an‘expanded uncertainty, U, to be specified, such that the interval

n + Ul covers 95 % of the values of L, , that might reasonably be attributed to Z;, ,,. To that p
)verage factor, k, is used that depends on the probability distribution associated with the
e expanded uncertainty) U shall be calculated according to Equation (A.5):

—|o[~m

U(th,m )=k, u(LtX,m)

=

the uncertainties may be assumed to have a normal distribution, the coverage factor & will
approximatevalue of 2, which means that the expanded uncertainty is twice the standard uncertainty

given by

(A.4)

th,m - U,
urpose, a
quantity.

(A.5)

have an
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