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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
electro

chnical standardization
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'ld Trade Organization (WTO) principles in, the Technical Barriers to Trade (TBT), se
p.org/iso/foreword.html.

WU =

This do
specificd

This do

The maf

con

ad
har

inc;[xsion of spline filtration for non-uniform sampling points;

3

fument was prepared by Technical Comfuittee ISO/TC 213, Dimensional and geometrical produd
tions and verification.

fument cancels and replaces ISOLTS 16610-32:2009, which has been technically revised.
n changes are as follows:

version to a Technical Report;

ition of a generalized filter equation with a revision of the equation of the robust spline filte
monizing thestatistical estimator with that of ISO 16610-31;

=

inclusion 6fa termination criterion of the iterations for the robust, therefore nonlinear, filter;
add[tion of specifications of the tension parameter.

Alist of all parts in the ISO 16610 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

This document develops the terminology and concepts for spline filters. Spline filters have the advantage
of being implementable for non-uniform sampling positions and for closed profiles. An example of
application of spline filters is given in Annex A.

Robust filters are tolerant against outliers. Spline filters offer one method for form removal.

For more detailed information of the relation of this document to the filtration matrix and the ISO GPS
dtandards, see Annex B and Annex C.
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Geometrical product specifications (GPS) — Filtration —

Part 32:
Robust profile filters: Spline filters

1 Scope

This document provides information on a generalized version of the linear spline filter|for unifi
non-uniform sampling and the robust spline filters for surface profiles. It supplements ISO 1¢
SO 16610-30 and ISO 16610-31.

This document provides information on how to apply the robust estimation to the spline
dpecified in ISO 16610-22, as well as its generalized form for non-uniform ampling. The weight
g¢hosen for the M-estimator is the Tukey biweight influence function as specified in ISO 16610-3
2 Normative references

There are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following‘terms and definitions apply.
[ISO and IEC maintain terminology databasesfor use in standardization at the following addres

-+ ISO Online browsing platform: available at https://www.iso.org/obp

+ IEC Electropedia: available at-https://www.electropedia.org/

3.1
robust filter
fillter that is insensitive 4gainst specific phenomena in the input data

Note 1 to entry: A rohustfilter is a filter that delivers output data with robustness.

Note 2 to entry: Ropust filters are nonlinear filters.

[[SOURCE: 1S0-16610-31:2016, 3.1, modified — Definition revised and notes to entry added.]
3.2

brm and
610-22,

filter as
unction
1.

bES:

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

[SOURCE: ISO 16610-22:2015, 3.1, modified — Note 1 to entry removed.]

3.3
spline filter
linear filter based on splines (3.2)

Note 1 to entry: An example of spline filter application is given in Annex A.

3.4
robust spline filter
robust filter (3.1) based on splines (3.2)

© IS0 2023 - All rights reserved
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3.5

uniform sampling
sampling of data points at equidistant positions, i.e. with the width of spacing intervals between
neighbouring probing points being constant

3.6

non-uniform sampling
sampling of data points with non-equidistant spacing points

3.7

robust statistical estimator

rule thd

insensitiive against specific phenomena in the input data

Note 1t

(amplitude distribution in the case of surface profiles) from a Gaussian distribution mostly in)the form of long

tails.

3.8

M-estimator
robust statistical estimator (3.7) which uses an influence function, i.e. a function which is asymmetri

and scal

[SOURCE: ISO 16610-30:2015, 3.5, modified — Definition revised.]

3.9
Tukey’y
influend

>

v (

where ¢

4 Spl

41 G

The fol
regular
in the c4
a tensio

4.2 Fi

t indicates how to calculate an estimate based on sample data from a population that i

o

entry: An example of specific phenomena is significant deviation of the distribution of the)input dat

1=}

@]

e invariant, to weight points according to their signed distance fromthe reference line

biweight influence function
e function which supresses specific phenomena in thedinput data x and is defined by:

= {1{%)2 ]2 for|x|<c

0 for|x|>c
is a scale parameter

ine filter for uniform and non-uniform sampling

bneral

1=~

owing low-pass_filter equation for spline profile filters is based on cubic splines with
zation paraméter depending on the nesting index, which complies with the cut-off wavelengtl
se of linear filters, for the smoothness of the resultant waviness profile (low-passed signal) an
h parameter influencing the slope of the transfer function.

—_ =

Iter. équation for cubic spline filter

4.2.1

General

The filter equation is given in Formula (1):

w=

(v+Ba?P+(1-B)atQ) vz 0

© IS0 2023 - All rights reserved
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where
z is the n-dimensional column vector of input data, e.g. the primary profile of n sampling points;
w is the column vector of output data, e.g. the waviness profile or smoothed profile;
V is the unity matrix in the case of the linear filter and the weighting matrix in the case of

the robust filter;

Pand Q are the matrices for the discretized differentiation;

B is the tension parameter (see also 4.2.3);

o is the parameter (see 4.2.2) depending on the smoothness, the nesting index (cut-off wave-
length in the case of linear filters) of the spline.

Hormula (1) is obtained by minimization of the objective (cost) function J as indicated in Formpla (2):

min J (2)

w

=

vith the objective function defined in Formula (3):

]:(z—w)TV(z—w)+ﬁoc2 wl Pw+(1-B)a* wlow (3)

Wwhere Q= P'P.
A sufficient condition of a minimum is V,, /=0 leading to the filter equation in Formula (1).
NOTE 1  After extending the matrices of Formula\(1] to tensors, the filter is also applicable to areal daftallll.

NOTE 2  Usually the objective function of smoothing splines is defined with a regularization parametgr ¢ also
fitted during the optimization process with\an additional condition for the smoothness measured acc¢rding to
the deviations z; —s(x; ). Objective fuhétions of the more common type of smoothing splines do nof include

2
X
1jon-zero tension J = E " (z; —s(x; ))2 +uj 5 iS(X) dx with s(x) being the spline polynonpials and
i=1 Xq ax

the regularization parameter it determining the degree of smoothing and hence following the data points vs
dpproximating them.

4.2.2 Regularization parameter

The parametér i specifies the regularization, i.e. the degree of smoothing. In the case of mlinimum

lension, itholds u =a* and is therefore related to the nesting index n;, which is in the case ¢f linear
filtration equal to the cut-off wavelength A_as given in Formula (4):

b= @

A
2sin za ]
L
where A is the sampling interval for uniformly sampled data and the average sampling interval as given

in Formula (5):

-

n—

a=—1 (Xie1 =% ) ()
n-1

i

Il
—_

for data sampled non-uniformly at positions x; with i =1, ..., n-1.

NOTE1 Formula (4) is derived in Reference [12].

©1S0 2023 - All rights reserved 3
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NOTE 2

NOTE 3

For sampling intervals A << n; the regularization parameter tends to infinity at 5.

For non-minimal tension the factor y of the second order derivative term is also dependent on the

tension parameter 8 : y=(1-f)a*.

4.2.3

Tension parameter

The product [3052 is the tension factor with parameter f lying between 0 and 1. The parameter

controlg
curve o}
a straig

Followil

For f =
tension
retainm

For f =

as speciffied in ISO 16610-21 and ISO 16610-61.

NOTE
regressi

4.2.4

Matrix |

V=

4.2.5

Matrix |
Tukey’s

tiredegree of SUDSEqUENt tOPOgTrapy CUTVAtUTES, WITETe CUT VAtUTE IMears a focdt property of a
" a surface, which is defined at every point quantifying second-order deviations of a curve from
nt line or a surface from a plane.

g curvatures closely means optimal shape retainment of the low-pass result, the output data w.

—

the characteristics of the transfer function conform to Formula (1) in ISO 1661022, a minimun
which is equivalent to the steepest slope of the transfer function and therefore’a better shap
ent than for 5 > 0.

A9

—

D,625 242 the characteristics of the transfer function is similar to that.of the Gaussian filter[14

The shape retainment by the spline filter for § = 0 is global, while the.shape retainment by the Gaussian
n with a parabolic regression (p = 2) is local.

Matrix V for linear cubic spline filter

/ for linear filters is the n x n-dimensional unity matrix as given in Formula (6):
1 ... 0
(6
0 ... 1

Matrix V for robust cubic spline filter

Z=

/ contains the weights suppressing specific phenomena in the input data. They are derived from
biweight influence functipn'as given in Formula (7):
2 2
m)
Z; —W;
o1 0 1-| ——— for ‘zi —wl(m) ‘ <ctm
= : with 61 = C(m) (7
0 =0
" 0 for ‘Zl- —ngm) ‘ >cm
L i;
T

(z1,..9,2,)

w™ =(wi™, ™)

superscript m denotes the iteration put into brackets, which is not to be confused with an exponent;

superscript T denotes transposed.

© IS0 2023 - All rights reserved
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Furthermore, the parameter c is specified as given in ISO 16610-31:2016, Formula (8), and as shown in

Formula (8):

c=amedian|z—w| with a=4,4478

NOTE The exact value of a is obtained by the inverse error function erf 1

(8)

4.2.6 Termination of the iteration of robust estimation

The matrix V containing weights 6; being dependent on output data w; starts with wrebtained b
non-robust filtration, i.e. v(©® s the unity matrix. The iteration process terminates if the c
given in Formula (9) is reached:

C(m+1) _C(m)

<10™° or m>12
(m)

4.2.7 Matrices of differentiation P and Q

4.2.7.1 General

A profile can be sampled at lateral positions x; thatarenot necessarily equidistant. The lateral p
dre strictly monotonically increasing, i.e. x; <X;_ .4~

The samplings intervals are denoted Ajj=XpSX; and the quotient of the average sampling int]
. . . . A
nd the distance between sampling positions x; and X is denoted by D; j=—.
i,j

o)

4.2.7.2 Differentiation matrix forfirst discretized derivative

For open profiles, matrix P is{ri-diagonal as shown in Formula (10):

Py Py O
P=|P; PPz 0
0 Py P33 Py O

For rows i=2,...,n—1 the main diagonal has the elements: P, ; = Diz,i—l + Di2+1,i .

y linear
bndition

9

ositions

erval A

(10)

'hetwa off-diaganals have the elements P. :—D.Z._4 and P. .

4 4 . .
T,T—1 T,I—1 T,I+1 1,1

The first two elements of the first row and the last two elements of the last row are as follows:

2 2 2 2
P y=Diyand Py ,=-Diyand P, , 1 =—Dy, 4 and P, , =Dy 4

For closed profiles the first row and the last row of the matrix differ, having additional non-zero entries
at Py, and at P,; for the wrap around, i.e. the right neighbour of x, is x; and the left neighbour of x4

is x,,.

© IS0 2023 - All rights reserved
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Then the first row has the following non-zeros entries:

2 2 2 2
Pl,n :_Dl,n and Pl,l =D1,H +D2’1 and P1,2 :—Dz’l

and the last row has the following entries:

2 2 2 2
Pn,n—l :_Dn,n—l and Pn,n :Dn,n—l +D1,n and Pn,l :_Dl,n+1

4.2.7.3 | Differentiation matrix for second discretized derivative

For open profiles matrix Q is penta-diagonal as shown in Formula (11):

Qi Q2 @13 0
Q=|01 Q2 Q3 Q24 - (11

Q31 @32 @33 Q34 Q35
0 Qup Q43 Qsa Qs

» »

For rowp i=3,...,n—2 the elements of the main diagonal are ags.follows:
Q: :\=4( D% _,(D?_, + D,y 1D;rq : |+ D* 1 : (D;q i1 Doy + D2y
i,i i,i-1\*~i,i-2 i+1,i-1%i+1,i i+1,i i+1,i-15D,i-1 i+2,i
The elements of the off-diagonal next to the main are as follows in the case of the upper:
2
Qiiq1 == 4Dja i (Di+1,iDi+1,i—1 D; i1 *+ Dy 3Djsz i1 + Dy ))
and in the case of the lower as follows:

2
Qi,it1==4D; 4 (Di+1,i Div1,iaPii1 + D2 (Dica,i2 + Dy i ))

)

The elements of the second offldiagonals are in the case of the upper as follows:

_ 2
Qi i}2=4Di 1 iDigietDiin,i

and in the case of the lower as follows:

2
Qi,il2=4D;; 2D; 1, 2D; ;4

)

For the first row and in the case of open profiles, the elements are as follows:

) 2 2
Q11=4D31D3; and @y, =—4D31D3,D31 and Q1 3=4D3,D5,D, ;

For the second row and in the case of open profiles they are as follows:
Q21 =0Q12andQ,, =4D%, (D5, +Dj,)and Q3 =—4D5, ( Dy D31 +Dys D43 )
2,1 1,2 2,2 3,2 2,1 4,2 2,3 3,2 21731 4,274,3

Q23==%4D3; (D3,2D3,1D2,1 +DF5(Daz+Ds ))

6 © IS0 2023 - All rights reserved
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For closed profiles the first row has the following non-zero entries:
2 2 2 2
Q11 =4( Dy p ( Dy pq+Dap D2,1)+D2,1 (DZ,n Dy +Da,1) )
2
Q1 2=-4Dz, (D2,1D2,nD1,n +D31(D32+Dz4 ))

Q1n==4D1, (DZ,IDZ,nDl,n +D7 1 (Dot +D1,n))

023(E)

2 2
Q13=4D;1D3,D3,andQq ;1 =4 D1 1Dy 1D
The last row, in the case of closed profiles, has the following non-zero entries:

Qn,n 24( Drzr,n—l (Drzl,n—Z +D1,n—1 Dl,n—1)+D%,n (Dl,n—l Dn,n—l +D%,n) )
Qn1=-4Dy (Dl,nDl,n—an,n—l +D3,(Dy 1 +D1 ))
Qn,n—l :_4'Dn,n—1 (Dl,nDl,n—an,n—l +D£,n—2 (Dn—l,n—Z +Dn,n—1 ))

— 2 _ 2
Qn, 2~ 4 Dn+1,nD2,1D2,n and Qn, n-2— 4 Dn,n—ZDn—l,n—ZDn,n—l
For closed profiles, the second row has the following non-zero efitries:

2 2 2 2
Q22 =4( D74 ( Dyp+Ds4 D3,2)+D3,2 (D3,1 Dy 4 +D4,2) )
2

Q23=-4D3; (D3,2D3,1D2,1 +D32(Ds3+Ds ))
Q21 =-4Dy4 (D3,D51Dy 1 +D5, (D1 +Dyyq)

2,1 2,1 3,273,172,1 2,n 1,n 2.1

2 2
Q2,4 =4D3,D43Dy,andQ; , =4D; , Dy, D, 4
adnd the second-last row is as follows:
2 2 2 2
Qn—l,n—l :4( Dn—l,n—Z ( Dn—l,n—3 +Dn,n—2 Dn,n—2)+Dn,n—1 (Dn,n—Z Dn—l,n—Z +Dn,n—1) )
2
Qn—l,n :_4Dn,n—1 (Dn,n—an,n—ZDn—l,n—Z +D1,n—1 (Dl,n +Dn,n—1 ))
2

Qn—l, n-2 = -4 Dn—l,n—Z (Dn,n—l Dn,n—Z Dn—l,n—Z +Dn—1,n—3 (Dn—Z,n—3 + Dn—l,n—Z ))

_ 2 12
Qn-1,1 =4Dyp21D1 p D7 g and Qp_q 3 =4Dp 1 n3Dp 2 n3Dp1 02
4.3 Transmission characteristics

The transmission characteristics of the linear case, i.e. matrix V, is a unity matrix as §
IISO 16610-22:2015, 4.3. The transmission characteristics of a robust filter do not exist, becau
nonlinearity.

riven in
se of its

4.4 Alternative robust spline filter

4.4.1 General

The weighting by the Tukey biweight function represents an M-estimator that causes a distribution of

the residuals z; —wgm) to be reshaped. The Tukey biweight influence function suppresses significantly

large tails of a distribution or significant asymmetries. Hence the residuals contributing to filtration
are almost Gaussian distributed. ISO 16610-30 allows alternative robust estimators that can be applied

to spline filters in a generalized linear and nonlinear way. [13]

© IS0 2023 - All rights reserved
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To retain the shape of profiles obtained on significantly curved surfaces within the waviness and to

exclude

this trend from roughness in ISO 16610-31, the default for the regression polynomial of the

Gaussian regression is the parabola (i.e. order p=2). Retaining shape, i.e. passing curvature to the

waviness profile, in the case of spline filters is obtained by minimizing the tension energy, which is
equivalent to setting f=0.

When employing the least absolute deviation method, i.e. applying the L1-norm on the residuals, for
robust estimation special care needs to be taken when defining the filter equation.

4.4.2

The filter equation, Formula (1), already represents the partial derivatives of the objective([¢0st
function J of the optimization problem(8 2] as given by Formula (12):

]:

For the fase of minimum tension energy, i.e. f=0, and in the case of matrix V being'the unity matrix

I, whic
norm dd

S
|

where I

4.4.3

For dist
a kurtod
Laplacid
kurtosif

—(I+a4Q)_1z (13

UDbjective Tunction with LZ-norm without tension energy ior the linear Iiiter equation

4

z—w)T(z—w)+oc wTQw:llz—w||2+oc4||Pw||2 (12

h applies to the linear filter derived from the least mean square (LMS) method, use the L2-
noted with [|-|?. The filter equation without tension energy reduces as given by Formula (13):

is the unit matrix.

Objective function with L1-norm without tension energy for robust filtration

Fibutions of the residuals r; =z; —w; with extremely long tails and a very narrow kernel, i.e. fo

is much greater than 3 (the kurtosis value 3‘complies with a Gaussian distribution), assuming
n distribution rather than a Gaussian one is more appropriate. The Laplacian distribution has
of 6. Assuming the residuals z; —w; to follow a Laplacian distribution with zero mean, th

W M M ™

target fiinction is given in Formula (14):

J=
where |

The fact

with n |
residua

ﬂnz—w(’"‘” ||)||z—w|1+oe4 IPwi? (14

-|| denotes the L1-norm:

—

1 C
or %— Il z-wi D || provides for an appropriate scaling carrying the dimension of a length,[14
n

1%

being the nwmber of sampling points and m the iteration step. The sum of absolute values of the
s of the.previous iteration is used to estimate this factor.

© IS0 2023 - All rights reserved
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Dividing the objective function by ¢ for further processing, the optimization problem is written in a
form suitable for the split-Bregman algorithm. The optimization problem is expressed by Formula (15):

min{||r ||+l Pwlf} (15)
w,r

where r = z - w and the regularization parameter u is given by Formula (16):

064

‘u= a1 . 4 (16)
=Tz=w
2n

vhich is equivalent to the optimization problem as given by Formula (17):

=

min{||r ||+l Pw|? + Al z-w]|] (17)
w,r

where A is Lagrange multipliers carrying the dimension of an inverse length:

==l z-w" )

The Lagrange multipliers are proportional to / 1 (seeReference [15]).
2n

5 Filter designation
The linear spline filter, i.e. the filter with matrix V being theldnity matrix, is designated:
FPLS

nd the robust spline filter, the filter with matrix V, being a weighting matrix, as given in Formula (7),
5 designated:

Q)

—

FPRS
Yee also ISO 16610-1.

©1S0 2023 - All rights reserved 9
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Annex A
(informative)

Example of spline filter applied to plateau structured profile

Typical

on plateau structured surfaces, i.e. profiles with extremely skewed amplitude distributions.

Figure A.1 displays a profile of a sintered surface filtered with a nesting index of n; =0,8 mm . The spli

Bregma
M-estinjation with the Tukey biweight function as weighting function depending on the‘residuals tp
suppress long tails.

£ 1 ool e - 1 | 1o - - b . | A de L . .
ST LASTS TUT TUUUSUIIILTT S THIUIUUC UTLCT HITTIITE 4T IdI T dUIU Pal dITITLCT S U ITHICASUT TIHITIIU Udt 51

In algorithm for L1-norm optimization complies with one or two iterations when’employin

Uy

!

g A TR

height values of the profile, in"um

positions along the lateral S¢an axis, in mm
} Tukey 1 iteration

Tukey 2 iteration

L1-norm

NOTE
2 iteratiy
nesting i

Figure |

index of n; = 0,8 ymp-and a tension parameter of =0.

pem

Itis obtained by applying the M-estimator approach with the Tukey biweight function with only 1 an
e steps in comparison’ with the result of the L1-norm obtained by the Bregmen split procedure, with p

Figure A:1 — Profile of sintered surface and its spline filtered waviness profiles

\.2 illustrates the effect of iteratively applying the M-estimator approach until it convergep

to a sta

blefazaviness curve no Inngpr fn]]nmiing the dppp grogves It shows the difference between the

waviness profile obtained by applying the M-estimator approach with the Tukey biweight function with
only 1 iteration and with as many iterative steps as to guarantee one stable result, with a nesting index
of n;= 0,8 mm and a tension parameter of § = 0.
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M

023(E)

7 height values of the profile, in um

X positions along the lateral scan axis, in mm
| I Tukey 21 iterations

B I Tukey 1 iteration

Figure A.2 — Profile of Figure A.1

The feature of the profile that lies between 3 mm and.4~mm clearly reveals the idea of th¢ robust
filtration to obtain a waviness that represents the surface as a plateau. The waviness is a [straight
Bridge across all the grooves. Figure A.3 therefore depicts this detail as an example. It shows fhe idea
of a waviness profile to represent the plateau of acsurface with grooves, which can be interpreted as
bridges crossing the grooves.
VA Z
0,4 0,4 ‘
0.2 /‘f"”“*yu\ﬂh AI A I 02 /Muﬂ A m\[—J‘#
0 Tl ¥ D ____1 Qﬂ'(’ ¢ 0 -l\rr—'-‘_’H'~.“ T [ "\ i [ »~
0.2 - | s 0,2 . I \ # [
-0,4 Tt -0,4 T Al b
-0,6 -0,6
-0,8 -0,8
-1 -1
2,6 28 3 32 34 36 38 4 x 2,6 28 3 32 34 36 39 4 x
Key
7 height values of the profile, in um
X positions along the lateral scan axis, in mm
B . N\ Tukey 1 iteration
Jeyo o Tukey 2 iterations
Tukey Z1 1terations
Tukey 1 iteration
Figure A.3 — Detail of a small interval of the profile of Figures A.1 and A.2
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