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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 
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are 
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the 
different types of ISO documents should be noted. This document was drafted in accordance with the 
editorial rules 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 patent rights. Details of 
any patent rights identified during the development of the document will be in the Introduction and/or 
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not 
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and 
expressions related to conformity assessment, as well as information about ISO's adherence to 
the World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see 
www.iso.org/iso/foreword.html.

This document was prepared by Technical Committee ISO/TC 213, Dimensional and geometrical product 
specifications and verification, in collaboration with the European Committee for Standardization (CEN) 
Technical Committee CEN/TC 290, Dimensional and geometrical product specification and verification, in 
accordance with the Agreement on technical cooperation between ISO and CEN (Vienna Agreement).

A list 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 is a geometrical product specification (GPS) standard and is to be regarded as a general 
GPS standard (see ISO 14638). It influences chain link C on feature properties in the GPS matrix model.

The ISO GPS matrix model given in ISO 14638 gives an overview of the ISO GPS system, of which this 
document is a part. The fundamental rules of ISO GPS given in ISO 8015 apply to this document and 
the default decision rules given in ISO  14253-1 apply to specifications made in accordance with this 
document, unless otherwise indicated.

For more information on the relationship of this document to the filtration matrix model, see Annex A.

For more detailed information of the relation of this document to other standards and the GPS matrix 
model, see Annex B.

This document specifies the terminology and concepts for linear areal spline filters. It specifies how to 
separate long- and short-wave components of a surface with a global shape retainment.

v© ISO 2023 – All rights reserved	 ﻿
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INTERNATIONAL STANDARD ISO 16610-62:2023(E)

Geometrical product specifications (GPS) — Filtration —

Part 62: 
Linear areal filters: spline filters

1	 Scope

This document specifies the characteristics of a linear areal spline filter with a global shape retainment.

2	 Normative references

The following documents are referred to in the text in such a way that some or all of their content 
constitutes requirements 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 16610-1, Geometrical product specifications (GPS) — Filtration — Part 1: Overview and basic concepts

ISO  16610-21, Geometrical product specifications (GPS) — Filtration — Part 21: Linear profile filters: 
Gaussian filters

ISO 16610-22:2015, Geometrical product specifications (GPS) — Filtration — Part 22: Linear profile filters: 
Spline filters

ISO 16610-60:2015, Geometrical product specification (GPS) — Filtration — Part 60: Linear areal filters 
— Basic concepts

ISO  16610-61, Geometrical product specification (GPS) — Filtration — Part 61: Linear areal filters — 
Gaussian filters

ISO/IEC  Guide  99, International vocabulary of metrology — Basic and general concepts and associated 
terms (VIM)

3	 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO  16610-1, ISO  16610-21, 
ISO 16610-22, ISO 16610-60, ISO 16610-61 and ISO/IEC Guide 99 and the following apply.

ISO and IEC maintain terminology databases for use in standardization at the following addresses:

—	 ISO Online browsing platform: available at https://​www​.iso​.org/​obp

—	 IEC Electropedia: available at https://​www​.electropedia​.org/​

3.1
spline
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.]

3.2
spline filter
linear filter based on splines

1© ISO 2023 – All rights reserved	 ﻿
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3.3
linear areal filter
areal filter which separates surfaces into long-wave and short-wave components and is also a linear 
function

[SOURCE: ISO 16610-60:2015, 3.1, modified — Notes to entry removed.]

3.3.1
linear planar filter
linear areal filter (3.3) which separates planar surfaces into long-wave and short-wave components, 
which applies to nominal planar surfaces

[SOURCE: ISO 16610-60:2015, 3.1.1, modified — Note 1 to entry removed.]

3.3.2
linear cylindrical filter
linear areal filter (3.3) which separates cylindrical surfaces into long-wave and short-wave components, 
which applies to nominal cylindrical surfaces

[SOURCE: ISO 16610-60:2015, 3.1.2, modified — Note 1 to entry removed.]

3.4
cut-off wavelength
wavelength of a sinusoidal surface of which 50 % of the amplitude is transmitted by the linear areal 
filter (3.3)

Note 1 to entry: Linear areal filters are identified by the filter type and the cut-off wavelength.

Note 2 to entry: The cut-off value for the spline filter is an example of a nesting index.

Note 3 to entry: The cut-off 50 % value is by convention.

[SOURCE: ISO 16610-60:2015, 3.7, modified — Note 2 to entry revised.]

4	 Spline areal filter

4.1	 General

The following low-pass filter formula for spline profile filters is based on cubic splines with a 
regularization parameter depending on the cut-off wavelength for the smoothness of the resultant 
waviness profile (low-passed signal) and a tension parameter influencing the slope of the transfer 
function. It is the areal extension of the linear profile spline filter as specified in ISO 16610-22. Two 
versions of the areal spline filter are specified, one as linear planar filter for open surface areas and 
another as linear cylindrical filter for closed surface areas, i.e. cylindrical surfaces with periodic 
continuation.

4.2	 Filter formula for cubic spline filter for topography maps on uniformly sampled 
grids

4.2.1	 General

The filter formula is shown in Formula (1):

w A Az=   
T

y x 	 (1)
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ISO 16610-62:2023(E)

where

  z is the n m× -dimensional matrix representing the height map of input data, for example the pri-
mary surface of n m×  sampling points;

  w is the n m×  -dimensional matrix representing the height map of output data.

The transformation matrices Ax  and Ay  are defined by Formula (2) and Formula (3), respectively:

A E P Qx x x= + + −( )( )−
            β α β α2 4

1

1 	 (2)

A E P Qy y y= + + −( )( )−
            β α β α2 4

1

1 	 (3)

where

  E is the unity matrix;

  P and Q are the matrices for the discretized differentiation;

  β is the tension parameter (4.2.3);

  αx  and α y are parameters (4.2.2), depending on the smoothness, of the cut-off wavelength of the 
spline.

For Ax , the matrices are all of dimension m×m  according to m sampling points along x-direction; for 
Ay , the dimension of the matrices is n×n  according to n sampling points along y-direction.

4.2.2	 Regularization parameter

The parameter µ  specifies the regularization, i.e. the degree of smoothing. The regularization 
parameter is therefore related to the cut-off wavelength, λc, for minimum tension by Formula (4) and 
Formula (5):

µ α=  r
4 	 (4)

α
π

λ

r r
=











 

 

c

1

2sin
∆

	 (5)

where either r x=  or r y= , for each of the lateral axes, respectively, i.e with sampling interval ∆ ∆r x=  
along the x-direction in the case of Ax  and the sampling interval ∆ ∆r y=  along the y-direction in the 
case of Ay , respectively. See Reference [4].

For non-minimum tension of the spline, i.e. for β > 0 , the regularization depends on both tension and 
cut-off wavelength, as shown in Formula (6):

µ β α= −( )  1
4

r 	 (6)

See Reference [5].

NOTE	 For sampling intervals ∆r  
c

λ , the regularization parameter tends to infinity, i.e. α 4
  → ∞ .
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4.2.3	 Tension parameter

The product βα 2  is the tension factor with parameter β lying between 0 and 1. The parameter β 
controls the degree of following topography curvatures, where with curvature a local property of a 
curve or a surface is meant, which is defined at every point quantifying second order deviations of a 
curve from a straight line or a surface from a plane. Following curvatures closely means optimal shape 
retainment of the low-pass result, the output data w. For β  =  0, the characteristics of the transfer 
function conform with ISO 16610-22:2015, Formula (1), a minimum tension which is equivalent to the 
steepest slope of the transfer function and therefore a better shape retainment than for β  >  0. For 
β = 0,625 242, the characteristics of the transfer function are similar to the Gaussian filter[5] as specified 
in ISO 16610-21 and ISO 16610-61.

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

4.2.4	 Matrices of differentiation P and Q

4.2.4.1	 General

The matrix P = ( )Pi j,  represents the discretized first derivations, the gradient operations to evaluate 
slopes. The matrix Q = ( )Qi j,  represents the discretized second derivations to evaluate curvatures. The 
indices j K= …1, ,  denote the column indices and i K= …1, ,  the row indices using K m=  if used for Ax  
(filtering in x-direction) and using K n=  if used for Ay  (filtering in y-direction). The following matrix 
elements are non-zero and the others are zero.

4.2.4.2	 The main diagonals

The main diagonal of matrices P and Q have the following elements:

Pi i, = 2  for i K= … −2 1, ,   and Qi i, = 6  for i K= … −3 2, ,  .

In the case of cylindrical surfaces, these values apply also for i K K= −1 2 1, , ,  for Ax  if the x-direction 
lies on a circle being the intersection of the cylinder surface and a plane orthogonal to the cylinder axis 
and for Ay  if the y-direction lies on such a circle.

The main diagonal holds Pi i, = 1  for i K= 1, , Qi i, = 1  for i K= 1,  and Qi i, = 5  for i K= −2 1,  in the case of 
plane surfaces as well as for Ax  in the case of a cylindrical surface, if the x-direction lies parallel to the 
cylinder axis, and for Ay  if the y-direction lies parallel to the cylinder axis.

4.2.4.3	 The two first-off diagonals

P Pi i i i, ,+ += = −
1 1

1  for i K= … −1 1, ,   and Q Qi i i i, ,+ += = −
1 1

4  for i K= … −2 1, ,  .

In the case of cylindrical surfaces and for Ax , if the x-direction lies on a circle being the intersection of 
the cylinder surface and a plane orthogonal to the cylinder axis and for Ay , if the y-direction lies on 
such a circle, these values are as well filling the matrix elements of all four corners of the matrix:

P PK K1 1
1

, ,
= = −  and Q Q Q Q Q QK K K K K K1 2 2 1 1 1 1 1

4
, , , , , ,

= = = = = = −− −      .

In the case of planar surfaces and of the direction parallel to the cylinder axis, matrix P  is tri-diagonal 
with

P PK K1 1
0

, ,
= =  and Q Q

1 2 2 1
2

, ,
= = −   and Q QK K1 1

0
, ,

= =   and Q QK K K K, ,− −= = −
1 1

2  .
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4.2.4.4	 The two second-off diagonals

The two second-off diagonals of matrix Q  have value one in their elements and it is penta-diagonal for 
the cases of planar surfaces or the direction parallel to the cylinder axis, with the two second-off 
diagonals having the following elements:

Q Qi i i i, ,+ += =
2 2

1  for i K= … −3 2, ,  .

In the case of cylindrical surfaces and for Ax , if the x-direction lies on a circle being the intersection of 
the cylinder surface and a plane orthogonal to the cylinder axis and for Ay , if the y-direction lies on 
such a circle the diagonals wrap around such that

Q Q Q QK K K K1 1 2 1 1 2
1

, , , ,− −= = = =   .

4.3	 Cubic spline filter for topography maps on distorted sampling grids

4.3.1	 General

Formula  (1) holds for uniformly sampled grids with x-coordinates satisfying x j xj =  ∆  and 
y-coordinates satisfying y ii =  ∆y , with i  and j  being integer numbers. Coordinate transformations 
according to form removals that include a shifting of symmetry points (e.g. eccentricity of roundness 
measurement) can cause a distorted grid such that there exist displacements δ δ

x y
 

, ,
,k l  leading to 

positions of the data points, as given in Formula (7):

x

y

k x

l y
k

l

k

l









 =

+

+










   

   

x

y

∆

∆

δ

δ
,

,

	 (7)

The lateral positions shall be strictly monotonically increasing for each of the directions, i.e. x xk k  < +1
 

and y yl l  < +1
.

4.3.2	 Filter formula modification for distorted grids

The matrices Ax  and Ay  are extended to tensors with dimensions m m n× ×  and m n n× × , see 
Reference [6]. The tensor elements shall be adopted using average sampling intervals to be included in 
the parameters αx  and α y  as given in Formulae (8) and (9):

∆x
n m

x x
l

n

k

m

l k l k=
−( )

−( )
= =

−

+∑∑ 
 

   
1

1
1 1

1

1, ,
	 (8)

∆y
m n

y y
k

m

l

n

l k l k=
−( )

−( )
= =

−

+∑∑ 
 

   
1

1
1 1

1

1, ,
	 (9)

The non-zero elements of the tensors shall be modified using discrete difference operators with 
samplings intervals ∆x k j k jx x

, ,
= −   and ∆ y l i l iy y

, ,
= −  . They are given in Formulae (10) and (11):

D x
x l k j

x l k j
, , ,

, , ,

( )
( )

=  
∆

∆
	 (10)

D y
y l i k

y l i k
, , ,

, , ,

( )
( )

=  
∆

∆
	 (11)

where

  ∆x l k j, , ,( ) is the difference between sampling positions xl k,  and xl j, ;
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  ∆ y l i k, , ,( ) is the difference between sampling positions yl k,  and yi k, .

The n n m× × -dimensional tensor Py  is constructed of n n×  matrices with non-zero elements, such as 

the matrix of 4.2.4 hold, for example the main diagonal elements P D Dy i i y i i k y i i k, , , , , , , ,  
  = +−( ) +( )1

2

1

2 , 

stacked to the third dimension with k m= …1, ,  such that filtration takes place along y-directional 
profiles and stacking is performed in x-direction. The other tensors shall be set up accordingly.

4.4	 Transmission characteristics

The transmission characteristics shall be in accordance with ISO 16610-22:2015, 4.4 (see also Figure 1).

For each direction r = x y,  as given by Formula (12):

a
a

rr r

r r
r

r
r

,

,

1

0

2

1 4 16 1
λ
λ

β α π
λ

β α
( )
( )

= + 





 + −( )    sin

 
     

∆
ssin

π
λ
 

 
∆r

r





















−
4

1

	 (12)

where

  ar ,0
λ( ) is the wavelength-dependent amplitude of a sinusoidal component of the Fourier series of 

a profile before filtering, as shown in Formula (13);

  ar ,1
λ( ) is the wavelength-dependent amplitude of a sinusoidal component of the Fourier series of 

a profile after filtering, as shown in Formula (13).

z r a rr( ) = ( ) + ( )



∑    sin

 

 
   ν λ π

ν λ
ϕ ν λ∆

∆
∆2

v
	 (13)

where

  λ ν λ=   ∆ is the wavelength of the Fourier component;

  ϕ λ( ) is a wavelength-dependent phase.
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a Normalized spatial wavelength for x-direction 
λ
λ

x

c
.

b Normalized spatial wavelength for y- direction 
λ
λ

y

c
.

c Transmission t x yλ λ,  ( ) .

Figure 1 — Transmission characteristics for the long-wave surface components  

( ββ
λλ λλ

= = =0
200 200

; ,    ∆∆ ∆∆x yc c )

Due to linear supposition of the transmission functions of a linear filter, the resultant transmission 
function is the product as given by Formula (14):

t
a
a

a

ax y
x x

x x

y y

y y
λ λ

λ
λ

λ

λ
,

,

,

,

,

   ( ) =
( )
( )

( )
( )

1

0

1

0

	 (14)

5	 Filter designation 

Areal spline filters according to this document are designated:

FALS

See also ISO 16610-1.
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Annex A 
(informative) 

 
Relationship to the filtration matrix model

A.1	 General

For full details about the filtration matrix model, see ISO 16610-1.

A.2	 Position in the filtration matrix model

This document influences particular filters in the areal filters, linear column in Table A.1. 

Table A.1 includes current and future parts of the ISO 16610 series.

Table A.1 — Relationship to the filtration matrix model

General
Filters: ISO 16610 series

Part 1

Fundamental
Profile filters Areal filters
ISO 16610-11a ISO 16610-12a

  Linear Robust Morphological Linear Robust Morphological

Basic concepts ISO 16610-20 ISO 16610-30 ISO 16610-40 ISO 16610-
60

ISO 16610-
70 ISO 16610-80

Particular filters ISO 16610-
21 to 25

ISO 16610-
31 to 35

ISO 16610-41 to 
45

ISO 16610-
61 to 65

ISO 16610-
71 to 75

ISO 16610-81 to 
85

How to filter ISO 16610-
26 to 28

ISO 16610-
36 to 38

ISO 16610-
46 to 48

ISO 16610-
66 to 68

ISO 16610-
76 to 78

ISO 16610-
86 to 88

Multiresolution ISO 16610-29 ISO 16610-39 ISO 16610-49 ISO 16610-
69

ISO 16610-
79 ISO 16610-89

a	 At present included in ISO 16610-1.
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