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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 committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotec

hnical standardization.

The procq
described

dures used to develop this document and those intended for its further maintenance
in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed.for

hre
the

different ffypes of ISO documents should be noted. This document was drafted in accordance|with the
editorial rjules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention [is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patenfrights. Detailg of
any patenf rights identified during the development of the document will be in the\Introduction andl/or
on the ISQ|list of patent declarations received (see www.iso.org/patents).

Any trade|name used in this document is information given for the convehience of users and does hot
constitutd an endorsement.

For an explanation on the meaning of ISO specific terms and{éxpressions related to conformlity
assessmeit, as well as information about ISO’s adherence to the W'TFO principles in the Technical Barriers
to Trade (I'BT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TG-213, Dimensional and geometrical product
specificatipns and verification.

This first] edition of ISO 16610-22 cancels and~replaces ISO/TS 16610-22:2006, which has bg¢en
technicalll revised.

ISO 1661( consists of the following parts, tuhder the general title Geometrical product specificatipns
(GPS) — Fjltration:

— Part 1} Overview and basic concépts

— Part 0: Linear profile filters:\Basic concepts

— Part 41: Linear profile filters: Gaussian filters

— Part Z2: Linear profile filters: Spline filters

— Part 28: Profilefilters: End effects

— Part 49; Linéar profile filters: Spline wavelets

— Part 30: Robust profile filters: Basic concepts

— Part 31: Robust profile filters: Gaussian regression filters

— Part 32: Robust profile filters: Spline filters

— Part 40: Morphological profile filters: Basic concepts

— Part 41: Morphological profile filters: Disk and horizontal line-segment filters

— Part 49: Morphological profile filters: Scale space techniques

— Part 60: Linear areal filters: Basic concepts

© ISO 2015 - All rights reserved
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Part 61: Linear areal filters: Gaussian filters
Part 71: Robust areal filters: Gaussian regression filters

Part 85: Morphological areal filters: Segmentation

The following parts are planned:

© ISO 2015 - All rights reserved

Part 26: Linear profile filters: Filtration on nominally orthogonal grid planar data sets

Part 27: Linear profile filters: Filtration on nominally orthogonal grid cylindrical data sets

Part 45: Morphological profile filters: Segmentation

Part 62: Linear areal filters: Spline filters

Part 69: Linear areal filters: Spline wavelets

Part 70: Robust areal filters: Basic concepts

Part 72: Robust areal filters: Spline filters

Part 80: Morphological areal filters: Basic concepts

Part 81: Morphological areal filters: Sphere and horizontal planar segment filters

Part 89: Morphological areal filters: Scale space techniques
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Introduction

This part of ISO 16610 is a geometrical product specification (GPS) standard and is to be regarded as
a general GPS standard (see ISO/TR 14638). It influences the feature characteristics and measurement
chain links 3 and 5 in the GPS matrix structure.

The ISO/GPS Masterplan given in ISO/TR 14638 gives an overview of the ISO/GPS system of which this
part of ISO 16610 is a part. The fundamental rules of ISO/GPS given in ISO 8015 apply to this part of
ISO 16610 and the default decision rules given in ISO 14253-1 apply to specifications made in accordance

with this

art of ISO 16610, unless otherwise indicated

For more
Annex F.

This part

The spling
ends of th

letailed information about the relation of this part of ISO 16610 to the GPS matrix model;

pf ISO 16610 develops the terminology and concepts of spline filters.

filter has an advantage over a conventional phase correct filter in that fogz-open profiles,
b measured profile are still usable.

bee

he

Vi
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Geometrical product specifications (GPS) — Filtration —

Part 22:
Linear profile filters: Spline filters

1 [ Scope

This part of ISO 16610 specifies spline filters for the filtration of profiles. It specifies in particular how
to separate the long- and short-wave component of a profile.

2 | Normative references

The following documents, in whole or in part, are normatively referenged in this documett and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including.any amendments) applieg.

ISQ 16610-1:2015, Geometrical product specifications (GPS) == Filtration — Part 1: Overview| and basic
teryminology

ISQ 16610-20:2015, Geometrical product specifications (GRS) — Filtration — Part 20: Linear prdfile filters:
Bakic concepts

ISQ/IEC Guide 99:2007, International vocabuldry of metrology — Basic and general corcepts and
asqociated terms (VIM)

ISA/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

3 | Terms and definitions

For the purposes of this dogument, the terms and definitions given in ISO/IEC Guide 99:2(407 (VIM),
IS0 16610-1, and ISO 16610-20 and the following apply.

3.1
spline
linear combination of piecewise polynomials, with a smooth fit between the pieces

Note 1 to entry: The degree of the spline is equal to the degree of the polynomial of the highest degree|used, e.g. a
culyic splirie is made of cubic polynomials.

3.2
cardinal spline
basic function of the space of splines (3.1) with infinite support

3.3
natural spline
spline (3.1) which is a straight line beyond the end points

3.4
spline profile filter
linear profile filter based on splines (3.1)

Note 1 to entry: For the purposes of this part of ISO 16610, the result of the low-pass filtering is a spline.

© IS0 2015 - All rights reserved 1
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4 Spline profile filters

4.1 General

For a spline filter to conform with this part of ISO 16610, it shall satisfy the filter equations given in 4.3.2,
for open profiles, and 4.3.3, for closed profiles.

NOTE A comparison with Gaussian filters is given in Annex B, and illustrative examples are given in Annex C.
A concept diagram for the concepts of spline filters is given in Annex D, and the relationship to the filtration
matrix model is given in Annex E.

4.2 Welghting function

The weigliting function of a spline profile filter cannot be given by a simple closed formula. Filter
equations| are therefore used instead of weighting functions to describe the spline prefile filtgrs.
However, Where necessary, a numerical calculation of the weighting function for a spline_profile filtef is
always pdssible. If the sampling interval Ax is small enough, and the spline profileZfilter is based|on
cardinal cubic splines, the weighting function s(x), with a default value of 8 = 0/)can be approximated

by the corjtinuous function

T T T T
s(x)=fF—sin| V2| x|+= |exp| V2 —|x 1
(x) 2 [ Acll 4] p[ /'Lcll] (M

NOTE This is the weighting function of the ideal spline profile filtety,based on cardinal cubic splines. A graph
of this fundtion is shown in Figure 1.

s(x) - A
2
1
— - = x/A
-2 -1 1 2

Figure 1|— Weighting function of the ideal spline profile filter, based on cardinal cubic splin

193
7]

4.3 Filter equations

4.3.1 General

The following filter equations for spline profile filters are based on cardinal cubic splines (for more
details, see Reference [4]).

2 © IS0 2015 - All rights reserved
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4.3.2 Filter equation for the non-periodic spline profile filter

Non-periodic spline profile filters should be used in cases of filtering open profiles. The filter equation
for the non-periodic spline profile filter is given by

|1+ Ba?P+(1-p)a'Q |w=z )
where 1 is the identity matrix and
1 -1 1 -2 1
-1 2 -1 -2 5 -4 1
-1 2 -1 1 4 6 -4 1
P= Q= T Tl Tl T T 3)
-1 2 -1 1 4 6 -4 1
-1 2 -1 1 4 5 =2
-1 1 1 -2 1
with n rows, n columns, and the parameters
az; and 0 < f<1 4)
. TTAX
2sin——
Ac

n is the number of extracted data values of the profile;

z isthe vector of dimension n of the profile values before filtering;

w is the vector of dimension n of the prefile values in the filtered profile;
Ac is the cut-off wavelength of the profile filter;

Ax is the sampling interval.

NO[TE1  The vector w gives the profile values of the long-wave component. The short-wave compongnt r can be

obffained by the difference vector\r'= z — w, i.e. by subtracting the long wave-component values obtajned by the
filtpring process from the extracted data values of the profile.

NO[TE 2  fiscalled thetension parameter and controls how tightly the spline curve fits through the data points
(sep Reference [6]).

NO[TE 3  Algorithnis to solve matrix equations can be found in Reference [13].

© IS0 2015 - All rights reserved 3
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4.3.3 Filter equation for the periodic spline profile filter

Periodic spline profile filters should be used in cases of filtering closed profiles. The filter equation for
the periodic spline profile filter is given by

|1+ BaP+(1-B)o"Q =2 (5)
where 1 is the identity matrix and
2 -1 -1 6 -4 1 1 -4
-1 2 -1 -4 6 -4 1 1
3 -1 2 -1 ~ 1 4 6 -4 1
P= o T T Q= T T T T (6)
-1 2 -1 1 4 6 -4 1
-1 2 -1 1 1 4 6 -4
-1 -1 2 -4 1 1 -4 6
with n rows, n columns, and the parameters
o =— ! and 0<f4<1 (7)
ZSIH@
Ac
where

n is|the number of extracted data values of the profile;

7 is|the vector of dimension n of the profile values béfore filtering;
w is{the vector of dimension n of the profile valués in the filtered profile;

4. is|the cut-off wavelength of the profile filter;

Ax is|the sampling interval.

NOTE1 [The vector W gives the profilé values of the long-wave component. The short-wave component 7 tan
be obtainefl by the difference vectoi"\7)=Z —Ww, i.e. by subtracting the long-wave component values obtained by
the filterinp process from the extfadted data values of the profile.

NOTE 2  [Bis called the tension parameter and controls how tightly the spline curve fits through the data points
(see Refergnce [6]).

NOTE 3 [Algorithnprs\to solve matrix equations can be found in Reference [13].

4.4 Trarsmission characteristics

4.4.1 General

The following transmission characteristics for spline profile filters are based on cardinal cubic splines.
For more details, see Reference [3]. For the influence of the sampling interval, see Annex A.

4 © IS0 2015 - All rights reserved
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4.4.2 Transmission characteristic of the long-wave profile component

The filter characteristic (see Figure 2) is determined from the filter equations of the spline profile
filter by means of the Fourier transformation. The filter characteristic for the long-wave component is
approximated (for very small Ax) by the following formula:

-1
a_1=[1+ﬁa2sinzﬁ+16(1—ﬁ)a4sin4ﬂ} (8)
ap A A

where

a,/a; ¢

0,8

0,6

0,4

0,2

0 =
10 10" 10° 10! 102 AA.

ap isthe amplitude of the sinusoidal profile before filtering;
ai isthe amplitude of the sindsgidal profile in the long wave component;
A is the wavelength of the\sine profile (A = 2Ax);

Ax is the sampling interval.

Figure 2 — Transniission characteristic for the long-wave profile component ( B=0;AxzA./ 200)

4.4.3 Transmission characteristic of the short-wave profile component

The transmission characteristic of the short-wave profile component is complementafy to the
transmission characteristic of the long-wave profile component. The short-wave profile component is
the difference between the surface profile and the long-wave profile component. The filter characteristic
for the short-wave profile component (see Figure 3) has the following formula:

-1
a_z:1_0_1={4ﬁa25m2H+16(1—ﬁ)a4sin4ﬁ}[lwazsmzﬂ+16(1—ﬁ)a45m4w} Y
” 20 2 A A A

where

ap isthe amplitude of the sinusoidal profile short-wave component.

NOTE The sum of the transmission characteristics of the short-wave profile component and the long-wave
profile component equals one.

© IS0 2015 - All rights reserved 5
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a/ag A

0,8 \
’ \

0,6

1

|

0,4 5 \
\
\

0,2

\

\
0 =

10° 10" 10" 10/ 10°  A/A,

Figure 3 - Transmission characteristic for the short-waveprofile component ( B=0;Ax=1./2 0)

5 Recommendations

5.1 Nesting index (cut-off values)

It is recothmended that the nesting index (the cut-off value A.) be chosen from a logarithmic serjies
(constant [ratio) of values. Experiencethas shown that a constant ratio of approximately the square rpot
of 10 betwleen successive scale values-is optimum. The nesting index should be chosen from the followjng
series of vplues:

. 2,5 um; B um; 25 pm; 804m;’250 um; 0,8 mm; 2,5 mm; 8 mm; 25 mm;

5.2 Tension parameter (/)
If not othdrwise specified, the tension parameter f§ takes the value zero.

NOTE Atension of = 0,625 242 most closely approximates a Gaussian filter (see Annex B).

5.3 Implementation

It is strongly recommended that the matrix equations given in 4.3.2 and 4.3.3 be used to implement the
spline filter.

6 © IS0 2015 - All rights reserved
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6 Filter designation

Spline filters in accordance with this part of ISO 16610 are designated
FPLS

See also ISO 16610-1:2015, Clause 5.

© IS0 2015 - All rights reserved 7
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Annex A
(informative)

Influence of the sampling interval

The transfer characteristic of the spline profile filter, as for every digital filter, depends on the sampling

interval Af(see Figure A1) If AXISSmall enough, the sine imait equations may be reptaced by itsargumant.

EXAMPLE The error for Ax=0,014,. is & <5,2x 107°.

Consequently, the equation for the parameter « in 4.3 simplifies to

of ] onf]

a _
ag

1

(4.1)

i.e. it no lgnger depends on Ax. However, according to the sampling theorem (see ISO 14406), this is

only valid|for A >2Ax.
a/a; 4

10"

107

104

107

NOTE According to the sampling theorem, A/A¢ = 2A /A is valid.

10"

10’ /’L//’L:

Figure A.1 — Influence of the sampling interval Ax on the transfer function of the spline profile
filter for the parameters f=0; Ax /A 0,1; 0,2; and 0,5
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Annex B
(informative)

Comparison of spline profile filter and Gaussian filter

In order to compare the transmission characteristics of the spline profiler filter and the Gaussian filter,
fure B.1).

dphical representation oI the deviation, In accordance with ISU 1661U-21, IS given (See Fl

a
% A
1 :
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| :
-2 o :
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I [
-3 ;
|
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sehd
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5 Lo O e : -
100 10! 107 AA,

10
ter

Figure B.1 — Deviation of the transmission characteristic of the spline profile fil
from the Gaussian filter (8 =0,625242; Ax =1 /200)
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Annex C
(informative)

Illustrative examples

The following examples for the application of the spline profile filter and the Gaussian filter (currently
standardifed profite filterj are given for information purposes.

Kigure C.1 — Gaussian filter with A¢ = 0,8 mm, in accordance with ISO 16610-21

10 © IS0 2015 - All rights reserved
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Figure C.2 — Spline profile filter withA; = 0,8 mmand =0

© ISO 2015 - All rights reserved
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nm

1000

-1 000

-2000

12

A
T 1 1 T r -
0 1 2 3 4 5 mm

Figure C.3 — Gaussian filter with'’A¢c = 8 mm, in accordance with ISO 16610-21
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1000
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-1/ 000 -
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Figure C.4 — Spline profile filter withAc=8 mmand =0
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Annex D
(informative)

Concept diagram

The following is a concept diagram for this part of ISO 16610.

14

3.2 cardinal
spline

31 soli IS0 16610-20

-+ spiihe linear profile filter
3.3 natural 3.4 spline profile
spline filter
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