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Abstract
Anovelmethod for the validation of surface texturefiltration software is introduced.Mathematically
traceable reference pairs for linearGaussianfiltration are developed, utilising Fourier series surface
definitions in conjunctionwith the frequency dependent transmission characteristic of the linear
Gaussianfilter. The novelmethod is demonstrated using a library of reference pairs to validate the
performance offive surface texture analysis software packages. Investigations into the effects of
different surface properties aremade in relation to the deviation of the software-obtained results from
the traceable reference values. Analysis of variance tests are used to verify the statistical significance of
the results.

1. Introduction

The analysis of surface texture is an important aspect
of surface topography characterisation in the field of
precision manufacturing [1–3]. Surface texture can
have a significant effect on the function of a part, and
attributes such as friction and wear can impact the
overall lifetime of a component and contribute toward
energy consumption and efficiency [4–6].

Surface texture analysis is usually performed using
surface texture field parameters; numerical descrip-
tors of a surface that provide statistical information
about the distribution of heights across a measured
area [1, 7, 8]. Obtaining meaningful surface texture
parameters from a surface topography measurement
is achieved by first performing adequate filtration
operations in order to extract a finite spatial frequency
band from the surface measurement data [9]. Appro-
priate a priori knowledge is required to determine the
scale-limited surface relevant to the application at
hand, enabling efficient and effective analysis [6].

Surface texture analysis software is used to per-
form filtration operations and it is important that such
software is validated against reference values. The cur-
rent state of the art uses reference software, developed
by national metrology institutes (NMIs), to calculate
parameter values for a given input surface topography
dataset against which software-obtained values can be

compared [10–12]. However, these reference software
packages are developed using similar numerical, dis-
crete-based algorithms as commercial software and,
therefore, are subject to the same sources of error.
Algorithms can vary in different implementations of
software and can lead to variation in the resulting out-
put values. Previous work has compared the output
parameter values of different reference software
packages and shown significant variations in the
results [13–15]. These differences justify the need for
an alternative approach to surface texture analysis
software validation that moves away from discrete
software-based algorithm implementations and
instead utilises mathematically-defined traceable
references.

Previous work has addressed the calculation of
areal surface texture parameter values using a mathe-
matical foundation [16, 17]. By defining a surface ana-
lytically, surface texture parameter values can be
obtained that are accurate and mathematically trace-
able [18]. These mathematically defined parameter
values can then be used as traceable references against
which software can be compared.

The work presented in this paper builds on the
previous work by applying the same mathematical
approach to the filtration operations required prior to
parameter calculation. A technique is presented that
enables the creation of mathematically traceable
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reference pairs; one pre-filter analytical surface and
one post-filter analytical surface, that can be used as
reference surfaces that assess the performance of soft-
ware implemented filtration operations. A limitation
of this method is that it can only be used with surface
filtration methods that have an explicit mathemati-
cally continuous definition, such as the Gaussian filter.
Other popular filtration methods that are discrete in
nature, such as the spline filter or morphological filter,
cannot be used. In these cases, an extrapolation of the
discrete case to the continuous case would be required,
causing a variation from the definition in the interna-
tional standard and therefore nullifying the benefit of a
mathematical approach. Nevertheless, the Gaussian
filter is one of the most popular filters used in surface
texture analysis, and is often the default filtration
option in many software packages, making this new
technique still a worthwhile contribution to the state
of the art. This paper focusses on the linear areal and
profile Gaussian filters defined in international stan-
dards ISO 16610-21 and ISO 16610-61 [19, 20],
respectively. Section 2 details the proposed method of
creating reference pairs using surfaces defined by their
spatial frequency in connection with knowledge of the
spatial frequency transmission characteristics of the
Gaussian filters. Section 3 presents a range of example
reference pairs created using this method and uses the
reference pairs to perform an assessment on the filtra-
tion operations of five surface texture analysis software
packages. Section 3 goes on to use the results of the
software assessment to identify significant factors in
the reference surfaces that contribute to the errors
found in the software outputs.

2. Reference pairs

The use of reference pairs is an established method for
the testing of software [21]. For a given input, the
software under test will perform an operation, or a
series of operations, upon that input to produce an
output. With a reference pair, the output has been
calculated in a traceable manner. The reference input
can then be operated on by the software under test,
and the software output can be compared to the
reference output to assess the software error.

For surface texture filtration, the reference pair is a
set of topographical surfaces that determine vertical
distance from a mean plane as a function of lateral
location, z(x, y); one pre-filter surface, and one surface
upon which a traceable filtration operation is applied.
While surface texture analysis software requires dis-
crete datasets as inputs, this work will define reference
pairs as analytical mathematical functions in order to
retain mathematical traceability. Datasets can then be
sampled from these definitions using whichever
method and resolution that best suits the application
of the software under test, taking care that sampling

choices are clearly stated alongside the software assess-
ment results.

2.1. Inputmathematical surface
The first component of the reference pair is the input
reference. This is an analytical mathematical expres-
sion that corresponds to a pre-filter surface height
representation, z(x,y). Such an expression is achieved
using a Fourier series approach, wherein a spatially
variant signal can be constructed using a summation
of weighted cosine terms, each one of a defined spatial
frequency. Defining the input reference surface in
terms of its spatial frequency components is of
particular value when obtaining a mathematically
traceable post-filter reference surface for a linear
Gaussian filter, for reasons that will be explained in
section 2.2. A general expression for an areal surface
defined using this Fourier series approach can be
presented in the form
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where N×M is the total number of terms; m and n
denote the x and y spatial frequency components of
each term, respectively; An,m defines the amplitude of
each term; Nx and Ny represent the size of the surface
in the x and y directions as multiples of the scaling
length 1/fs; and fx and fy are the phase shifts of the
cosine term in the x and y directions, respectively.
Nx/(mfs) and Ny/(nfs) are equivalent to the x, y
wavelength components, respectively.

2.2. Transmission characteristics
The second component of the reference pair, the
output reference, is a post-filtered surface obtained by
applying a mathematically traceable filtration opera-
tion to the input reference. The linear Gaussian filter
for an open profile is defined in ISO 16610-21 [19] by
its weighting function,
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where λc is the filter cut-off wavelength and
a p= log 2 . By performing a Fourier transform on
the weighting function, the low-pass transmission
characteristics can be obtained [22]:
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where λ is the spatial wavelength component of the
surface, A0 is the amplitude of the spatial wavelength
component before filtration andA1 is the amplitude of
the spatial wavelength component after filtration. The
transmission characteristic, therefore, defines the
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relative magnitude of transmission of a surface
through the filter, as a function of the spatial wave-
length, relative to the cut-off wavelength, λc. By
defining the input reference surface directly in terms
of its spatial frequency, or wavelength, components, it
becomes straightforward to obtain an output reference
surface that is mathematically traceable; the amplitude
of each Fourier series term is adjusted based on its
spatial frequency, as defined by the transmission
characteristic. The transmission characteristic for the
linear Gaussian filter defined in equation (3) is shown
infigure 1.

The transmission characteristic is defined here for
a low-pass filter, or L-filter in areal surface texture ana-
lysis nomenclature, resulting in a surface with high
spatial frequency components attenuated. In the con-
text of profile surface texture analysis, this corre-
sponds to obtaining thewaviness profile. To obtain the
roughness profile, the transmission characteristic is
simply 1−W(λ).

The expressions here are given for the profile case.
However, as the areal linear Gaussian filter is separ-
able, it is straightforward to apply the same approach
to the areal case [9]. For a separable input Fourier ser-
ies surface expression, the transmission characteristic
function can be applied in the same manner as for the
profile case; once in the x direction and once in the y
direction. This enables both profile and areal Gaussian
filtration algorithms in surface texture analysis soft-
ware to be assessed using the same technique.

3. Assessment of existing software

To showcase this new method of mathematically
traceable software validation for surface texture filtra-
tion, a selection of reference pairs was created to be
used to assess the performance of five surface texture
analysis software packages. The pre-filter, input

references were then sampled into discrete datasets,
and the software packages were used to perform linear
Gaussian filtration operations. The resulting outputs
were then compared to the post-filter reference surface
to assess the performance of the software.

3.1. Creation of reference surfaces
In order to fully test the software, a total of 124
reference pairs were created. This range ensures each
property of the surface definition that could have an
influence on the filtration operation is varied, in order
to identify which are the most significant factors that
could affect the results from the software under test.
Table 1 details the surface properties that were varied.
Amplitude values of 1 μm were given to each surface
cosine term. The wavelength values for both λc and the
surface spatial frequency components were chosen in
line with the recommended default values given in ISO
4288 [23], as these are likely to be the most popular
filter settings used in the software under test. A
maximum areal resolution of 700×700 was chosen
due to a dataset file size limitation for one of the five
software packages tested, and so all software packages
were given the same resolution to facilitate more
accurate comparisons.

With the pre-filter reference surfaces defined using
cosine terms, the associated post-filter reference sur-
faces were calculated using the method described in
section 2.2, wherein the amplitude of each cosine term
was adjusted as a function of the cut-off value, λc, and
the wavelength of the cosine term. Datasets were cre-
ated by sampling the surface equation at discrete loca-
tions between, and including, the surface region
boundaries, with the sampling interval in one dimen-
sion determined by

Figure 1.Transmission characteristic for a low pass linear Gaussianfilterwith cut-off wavelengthλc, as a function of spatial
wavelength,λ.
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where h and l are the upper and lower boundary
regions in that dimension, respectively, and n is the
number of sampling points in that dimension.

3.1.1. Truncated surfaces
The method described in section 2.2 applies the
transmission characteristic in a straightforward man-
ner for continuous surfaces defined using a finite
number of cosine termsWhen sampling a continuous
surface to produce a dataset, a surface representation
of finite length is produced. Therefore, depending on
the implementation of the filter, the finite length of the
surface may cause end effects that are intrinsic to the
surface definition, and not due to errors in the software
algorithms. Truncated versions of each surface were
included in this analysis to account for this potential
effect and identify the impact that it may have on the
software results.

The truncated definitions of each surface, zT(x,y),
are defined by
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where xl, yl and xh, yh are the lower and upper
boundary regions of the surface in the x and y
dimensions. For the profile case, the same condition
holds, but in one dimension. To calculate the post-
filter reference surfaces for these truncated surfaces,
the straightforward amplitude adjustment approach
used for the continuous case is no longer applicable, as
the boundary regions cause a discontinuity in the
surfacewhich is notwell represented by afinite Fourier
series. Instead, a more traditional approach of per-
forming a convolution between the surface equation
and the Gaussian filter weighting function, as
described in equation (2), is applied. This was achieved
using the computer algebra system, Wolfram Mathe-
matica 11.3.

3.2. Software comparisons
In order to efficiently compare the software outputs to
the post-filter reference surface for a large number of
surfaces, a statistical quantifier was needed. This was
chosen to be the standard deviation of the deviation of
the software obtained height values from the post-
filter reference surface height values. The post-filter
reference surface height values were first subtracted
from the software output at matching x, y locations,
creating an array, D, of deviation values, Di. The
standard deviation, S, of the resulting deviation map
was then calculated according to the definition
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where K is the total number of deviation values, and μ
is the mean of all values of D. The deviation values are
calculated such that their mean value is zero, however,
the standard deviation has been chosen here instead of
a statistical quantity, such as the mean absolute
deviation, in order to give higher weighting to larger
deviation values. In addition, all comparisons are
scaled such that the reference surface is of order unity.
This makes the standard deviation metric scale invar-
iant so that the amplitude scale of the surface is not a
contributing factor to the performance metric; only
the deviations of the software from the reference are
used. Using this approach, the deviation for a software
dataset from the post-filter reference can be given as a
single value, enabling much easier comparisons across
multiple surfaces. In addition, the same approach can
be used for both profile and areal surfaces, allowing
performance comparisons between the two types of
surface.

Figures 2 and 3 shows the standard deviation from
reference for a range of profile and areal surfaces for
five surface texture analysis software packages, respec-
tively, wherein the lower the deviation value, the
greater the degree of agreement with themathematical
reference. The post-filter surfaces selected were calcu-
lated using the continuous pre-filter definitions and
the transmission characteristic. An end removal of

Table 1.Descriptions of the varied properties of the input reference surfaces.

Surface property Values Description

Surface type Profile, Areal Specifies either a 2Dprofile surface or a 3D areal surface

Resolution 1×1000, 700×700,
512×512

The resolution of the sampled dataset to be given to the software

x, y surfacewavelength 0, 0.025 mm, 0.08 mm,

0.25 mm, 0.8 mm

Thewavelength of each surface component. Awavelength component of

zero is listed here to correspond to the ywavelength for profile surfaces

Cut-off value,λc 0.025 mm, 0.08 mm,

0.25 mm, 0.8 mm

The value of the cut-off length for theGaussian filter

Surface range 2 mm, 8 mm The length of the surface. for areal surfaces, this is the length in both

dimensions

End removal length λc/2,λc The length to be removed from each edge of the surface in order to account

for edge effects

Surface truncation Yes, No The effect of defining the surface continuously or as a surface offinite length

that falls to zero outside the surface range.
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λc/2 and a surface length of 2 mm were also selected.
Note here that software E was only able to process pro-
file surfaces, and so is not present in the areal results
throughout this paper. These results demonstrate the
level of agreement with themathematical reference for
a large variety of surfaces, and enables easy compar-
ison between multiple software packages. For surface
texture analysis software developers, this approach can
be used to test multiple filtration algorithms against a
known, traceable reference to easily identify which
algorithms are most accurate. For end users, this
approach allows for the validation of surface texture
software, whether it be a commercial package or a soft-
ware measurement standard made available by an
NMI, in order to understand the accuracy of the soft-
ware in relation to a mathematically traceable refer-
ence value and determinewhether it isfit for purpose.

Figures 4, 5 and 6 show the direct reference pairs
and software A results for surfaces 1, 6 and 12 respec-
tively, from figure 2. For each figure, the top two
graphs show the pre-filter and post-filter reference
pairs. The third graph shows the post-filter surface
obtained by the software, and the following graphs
show the difference between the software and the
reference surface. In addition, table 2 provides the pre-
filter and post-filter amplitudes of the reference pairs.
Figure 4 shows the result for a typical surface with
good agreement between software and reference. It is
clear that the majority of the deviation from reference
is due to end effects still present on the surface. By
increasing the size of the cut-off length from λc/2 to
λc, as shown in the lower two graphs, a much closer
agreement to the reference surface is achieved. This
effect is even more pronounced in figure 5, which

Figure 2. Standard deviation from reference values forfive surface texture analysis software packages, for profile surfaces with
continuous definitions, 1×1000 dataset resolution, end removal lengths ofλc/2, and a surface range of 2 mm. Surfaces are given in
ascending order of the largest frequency component of the surface (1250 Hz to 40000 Hz).

Figure 3. Standard deviation from reference values forfive surface texture analysis software packages, for areal surfaces with
continuous definitions, 700×700 dataset resolution, end removal lengths ofλc/2, and a surface range of 2 mm. Surfaces are given in
ascending order of the largest x frequency component of the surface (1250 Hz to 40000 Hz).
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shows end effects withmuch larger amplitudes. This is
because of the greater difference in amplitude between
the pre-filter and post-filter references. The ends of the
software result are still roughly equivalent in ampl-
itude to that of the pre-filter reference surface, leading

to the large deviation. When cropping in, much
greater agreement is observed. Figure 6 shows the
results of a reference pair with an extreme amplitude
suppression around a factor of 30. In this example the
software is not able to export a surface to such a

Figure 4. Software A raw results for surface 1 as shown infigure 2. In descending order: Pre-filter reference surface, post-filter
reference surface, software A post-filter output, software deviation from reference (λc/2 andλc).

Figure 5. Software A raw results for surface 6 as shown infigure 2. In descending order: Pre-filter reference surface, post-filter
reference surface, software A post-filter output, software deviation from reference (λc/2 andλc).

6
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precision, resulting in a significant difference between
surfaces.

3.3. Effect of end removal length
One of the factors included in the surface creation
section was the length that is removed from each end
of the surface in order to account for potential end
effects. To investigate this, two popular end removal

lengths were chosen, λc/2 and λ. The ratio of the
standard deviation from reference values for surfaces
with differing end removal lengths, with all other
surface properties kept constant, are presented in
figure 7. The results are presented as the relative
difference of end removal length values,

Figure 6. Software A raw results for surface 12 as shown infigure 2. In descending order: Pre-filter reference surface, post-filter
reference surface, software A post-filter output, software deviation from reference (λc/2).

Figure 7.Ratio of the standard deviation from reference values for five surface texture analysis software packages for end removal
lengthsλc/2 andλc, for a range of test surfaces. Surfaces are given in ascending order of the largest x frequency component of the
surface.

Table 2.Pre-filter and post-filter surface amplitudes for reference pair surfaces 1, 6 and 12 fromfigure 2.

Surface Pre-filter amplitude,A0 Post-filter amplitude,A1 A1Numerical approximation

1 1×10−6 5×10−07
–

6 1×10−6 1/(1024000000·26/25) 8.269×10−10

12 1×10−6 1/12676506002282294...01496703205376000000 7.889×10−37
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meaning that a larger value corresponds to a reduction
in the deviation from reference when increasing the
length of the end removal, i.e. the larger the value, the
greater the improvement due to removing more of the
ends. It should be noted here that some of the software
packages tested did not give the option to remove end
effects within the software. For these cases, end
removal was performed manually in order to enable
meaningful comparisons across all of the software
tested. Figure 7 shows that a clear improvement is seen
for software A and B, with reductions in the standard
deviation from reference on the order of 103, indicat-
ing that both produce end effects that result in
deviations from the mathematical reference that are
significant in comparison to any deviations present in
the central region of the surface. This result is seen for
both profile and areal surfaces. Software C, D and E,
however, show very little change in the deviation from
reference, suggesting that these software packages do
not produce significant end effects. This may be
because their implementations of the Gaussian filter
include methods to account for end effects, for
example, by artificially extending the length of the
surface, and then cutting back down after the applica-
tion of thefilter.

To verify the visual trends seen in figure 7, a one-
way analysis of variance (ANOVA) test was performed
using IBM SPSS Statistics on each software result to
determine whether the increase in end removal length
was a statistically significant factor in the variation in
standard deviation from the reference. In order to
determine statistical significance, it is chosen that a
rejection of the null hypothesis H0:p=0.05 is
required. Extreme deviation results >0.1 μm were
omitted from the analysis in order to focus on the
effect of end removal length and avoid influencing the
results with additional factors. The results are given in
table 3. In line with the visual data, the results con-
clude that only software A and B obtain p-values
<0.05, implying end removal length is a significant
factor in the deviation from reference values for those,
and not for software C,D and E.

3.4. Effect of surface truncation
As mentioned in section 3.1.1, the act of sampling the
continuous surface to produce a finite width surface

representation may introduce end effects due to the
implementation of a finite width filtering window.
Similar to the approach in section 3.3, reference pairs
were created with both continuous definitions and
truncated definitions, and the ratio of the resulting
software standard deviations from reference are
shown in figure 8. Here, a consistent improvement in
deviation from reference is seen for software A for a
variety of surfaces, indicating the filter implementa-
tion better agrees with a truncated reference pair than
a continuous reference pair. The remaining software
packages show no such improvement, suggesting their
filter implementations either assume continuous fre-
quency components within a surface and apply the
filter accordingly, or that the effect of truncation on
the surface is insignificant compared to other error
sources in the filtration implementation. Software B,
however, suggests the software’s deviation from refer-
ence is improved when using a continuously defined
reference pair. This supports the idea that the soft-
ware’s filtration implementation assumes a continu-
ous frequency component within the surface, and
filters based on that assumption.

Table 4 shows the ANOVA test results for the sur-
face creation method on the standard deviation from
the reference, and supports the visual results that the
surface creation method is statistically significant for
software A. The results show a failure to reject the null
hypothesis (p>0.05) for software B, however. The
reason for this rejection is unclear, given the visual
results of figure 8(a), but may be related to the high
variance seen in the results, supported by the box plot
shown in figure 8(b). This suggests the deviation
within the groups (truncation and continuous) is
more significant than the deviation between the
groups, and is due to another surface property not fac-
tored into the ANOVA analysis, thus restricting the
ability to claim statistical significance for the ‘between
group’ variation.

3.5. Identification of high deviation surfaces
Throughout the assessment of software using this
method, multiple surfaces arose for which all software
packages tested obtained large deviation values from
the reference. Examples of this can be seen for surfaces
6, 10, 11 and 12 in figure 2, and surface 10 in figure 3.
As these results are found for all software tested, it is
expected that this is due to some property of the
surfaces that limits the effectiveness of all discrete
filtration algorithms.

Figure 9 shows the spread of standard deviation
from reference values for each software, split into the
ratios of highest x wavelength surface component
against cut-off. This combination was chosen to inves-
tigate the effect of the transmission function on the
software filtration results, with the transmission func-
tion being a function of both surface frequency, λ, and
cut-off frequency, λc. The results show a clear

Table 3.ANOVAResults for endRemoval Length
Significance

Software DoF F-statistic P-value

A 66 17.470 8.898×10−05

B 66 16.777 1.188×10−04

C 66 0.000 9.855×10−01

D 66 0.413 5.226×10−01

E 29 0.837 3.681×10−01
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increasing trend in the deviation values for low λ/λc
values across all tested software, with a particular
increase after λ/λc=1. Referring to the transmission
characteristic shown in figure 1, the high deviation
results correspond to the left-hand side of the curve,
with values 0.1�λ/λc<1. In these regions, the
amplitude transmission, A1/A0 drops rapidly to zero,

or close to zero. For example, evaluated at λ/λc=0.1,
A1/A0≈8×10−31. Within this region, rounding
errors can play a significant part in the final results of
discrete filtration implementations, and the accuracy
of calculations is limited by the working precision of
the software [18]. In addition, the finite resolution of
the input dataset becomes increasingly significant
when representing high frequency components, as
there are less data values within each frequency period.
Combining both of these factors, it is unsurprising to
see high deviation values from the software under test.

Table 5 displays the ANOVA test results for the
effect of λ/λc on deviation values. In line with the
visual results in figure 9, the transmission ratio is a sig-
nificant factor for four of the five software packages
tested. While very close (p=0.07), the software C
results failed to reject the null hypothesis. This is due

Figure 8. (a): Ratio of the standard deviation from reference values forfive surface texture analysis software packages for continuously
defined surfaces calculated using the approach defined in section 2.2, and the truncated surface approach defined in section 3.1.1, for a
range of test surfaces. An end removal length ofλc/2 is used for all surfaces. Surfaces are given in ascending order of the largest x
frequency component of the surface. (b): A box plot of the results to emphasise the variance of software B.

Table 4.ANOVA results for surface creation
method significance.

Software DoF F-statistic P-value

A 33 4.855 0.035

B 33 1.410 0.244

C 33 0.061 0.807

D 33 0.368 0.549

E 14 0.050 0.826
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to the larger interquartile ranges displayed in figure 9,
indicating high degrees of variation within the groups
that is not explained by the groupings ofλ/λc.

3.6. Effect of surface dimension
Figure 10 shows a box plot of the spread in standard
deviation from reference values for each software,
grouped into profile surfaces and areal surfaces. The
aim of this analysis is to identify differences in the
implementation of profile and areal Gaussian filters,
and what effect this has on the software’s ability to
obtain a post-filter surface that agrees with the
mathematical reference surface. The results show
highly similar spreads of results for both software A
and software B, implying a similar filtration operation
has been implemented for both surface types. This is
because ISO 16610-21 and 16610-1 both define
identical transmission characteristics for the profile

Figure 9. Spread of the standard deviation from reference values for each software package as a function ofλ/λc, for all test surfaces,
including both end removal lengths and surface creation types.

Table 5.ANOVA results forλ/λc significance.

Software DoF F-statistic P-value

A 124 17.608 1.752×10−14

B 124 34.750 6.351×10−24

C 124 1.996 7.156×10−2

D 124 72.530 6.001×10−36

E 124 4.158 2.089×10−3
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and areal linear Gaussian filters, respectively [19, 20].
Furthermore, the areal linear Gaussian filter is separ-
able,meaning it is possible to achieve an areal filtration
by performed two successive profile filtrations; once in
the x direction and once in the y direction. The results
for software A and B suggest such has implementation
has been used.

Software C andD showdiffering results depending
of the surface dimensionality. Software C obtains
notably smaller deviation values when performing
profile filtrations, implying the added dimensional
complexity of the areal filtration operation has
increased the software error. It is possible that two
separable profile filtration operations are performed
in this case, and any small errors introducedwhen per-
forming the first filtration operation are compounded
when acted on again by the second filtration opera-
tion. Software D, however, displays a slight reduction
in deviation from reference when performing areal fil-
tration. The reason for this result is not clear.

table 6 shows the ANOVA test results for the effect
of surface dimension of deviation from mathematical
reference. In line with figure 10, significance is
achieved (p<0.05) for softwareC andD.

3.7. Effect of areal surface resolution
Two resolutions were chosen for the areal surface
datasets to be input into the software under test:
700×700 and 512×512. The 700×700 resolution
was chosen as the highest available resolution that
could be input into all of the software tested. The
512×512 resolution was chosen as the highest usable
resolution that is a power of two, 2n×2n. This is
chosen due to its compatibility with the binary
numeral system, which can lead to more accurate
computer algorithms. The aim of this test was to
identify whether the use of data that is easily factored
by two can have a significant effect of the results from
any of the tested software.

Figure 11 shows the ratio between standard devia-
tion from reference values of 700×700 resolution
surfaces and 512×512 resolution surfaces. Here, a
value greater than one represents a reduction in devia-
tion when a 700×700 surface is used over a
512×512 surface. Software C and D show consistent
values greater than one, suggesting the added informa-
tion in the higher resolution surface leads to a more
accurate filtration result, in relation to the mathema-
tical reference values. The effect is more pronounced
for software C, with an approximately 40% improve-
ment for the higher resolution surface, compared to an
approximate 20% improvement for software D. Soft-
ware B shows a low degree of variance between results,
averaging around approximately unity, meaning the
resolution of the surface had little effect on the results
of thefiltration operation, and that other surface prop-
erties were more significant. This result suggests that
software B is able to extract a similar degree of fre-
quency component information from the lower

Figure 10. Spread of the standard deviation from reference values for each software package as a function of surface dimensionality.
High deviation values>0.1were omitted from the analysis to avoid distortion of the spread due to external influence factors unrelated
to dimensionality.

Table 6.ANOVA results for surface dimension
significance.

Software DoF F-statistic P-value

A 66 0.059 0.808

B 66 0.011 0.915

C 66 9.701 2.739×10−3

D 66 9.153 3.555×10−3
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resolution surface compared to the higher resolution
surface, potentially using some formof interpolation.

Figure 11 also shows that the filtration operation
of software A is improved when using the lower reso-
lution, power of two surface dataset, despite the slight
reduction in information present in that dataset. This
result supports the idea that software A is using filtra-
tion implementation methods that are more accurate
when given a dataset with power of two resolution.
The box plot also reveals a large spread in the results,
meaning this effect is not consistent across all surfaces.

table 7 presents the ANOVA test analysis for the
statistical significance of variance due to resolution. As
(p<0.05)was not satisfied for any software, no statis-
tical significance was found for surface resolution.

This is likely due to the variance found within the
groups (512× 512 and 700× 700 resolutions). None-
theless, visual inspection does seem to deliver insight
into the implementation of filtration in each software
package tested.

4. Conclusions

This paper introduces a novel method for the valida-
tion of surface texture filtration methods in software.
Mathematical reference pairs are created that are
traceable, and in line with the linear Gaussian filtration
definitions laid out in ISO 16610-21 and ISO 16610-
61. The use of the transmission curve alongside
mathematical surfaces defined using Fourier series
allows for straightforward post-filter surface calcula-
tions that can be applied to both profile and areal linear
Gaussianfiltration.

The use of this method was showcased with the
creation of 124 reference pairs used to validate the per-
formance of five available surface texture analysis soft-
ware packages. The mathematically traceable
reference pairs were used as a reference against which
the software results were compared, enabling insights
to be gained about the implementation of the filtration
software. Investigations were performed for a variety
of surface properties, including end removal length,

Figure 11. Left: Ratio of the standard deviation from reference values for 512×512 and 700×700 resolution surfaces.Right: Spread
of the ratio results for each software package tested.Only continuously defined reference pairs were used in this analysis.

Table 7.ANOVA results for resolution
significance. Only continuously defined surfaces
were included, and deviation values>0.1were
omitted.

Software DoF F-statistic P-value

A 19 0.362 0.555

B 19 1.283 0.272

C 19 1.552 0.229

D 19 0.379 0.546
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resolution, and dimensionality, and attempts were
made to use the software deviations from reference to
understand potential errors in the software.

As a result of the investigations performed, it was
found that the influence ofmany surface properties on
the accuracy of the filtration operation is dependent
on the particular software used. Therefore, it is recom-
mended that for optimal accuracy, a good under-
standing of the software used to perform surface
texture filtration is needed. In the event of collabora-
tion efforts that use different surface texture analysis
software implementations, or to attempt to achieve
the highest degree of accuracy from the largest variety
of surface texture analysis software, certain choices can
be made. It is recommended that the end removal
length is chosen to be λc to adequately avoid the inclu-
sion of end effects, and the resolution of the surface
dataset is set to be a power of two, to best utilise the
software algorithms that designed to operate in the
binary numeral system. These properties have been
shown to have no negative effect on the results of soft-
ware for whom such properties do not benefit, but can
significantly improve the results of those that do.

This mathematical approach to surface texture fil-
tration validation was intended to also be applied to
the spline filter defined in ISO 16610-22 [24]. In con-
trast to the Gaussian filter, however, the spline filter is
defined in terms of a discrete, dataset-based algorithm,
and so a mathematical reference pair based on con-
tinuous definitions is not applicable. Conversion of
the discrete definition given in ISO 16610-22 into a
continuous definition has been investigated, but no
solutions have been found.

This mathematical approach to software valida-
tion can be used by software developers to test their
software to improve accuracy. This will benefit end
users by enabling higher accuracy surface texturemea-
surements with increased confidence in the results,
and facilitates more effective collaborations between
users of different software by providing a traceable
reference against which all software can be compared.

4.1. Futurework
This work is a follow on from previous work that
introduced the use of mathematical references for the
validation of field and functional surface texture
parameters [16, 17]. By combining this newly intro-
duced work into the mathematical reference frame-
work, traceable validation of surface texture analysis
software is closer to realisation. The remaining comp-
onent of this framework is the development of
mathematical references for surface form removal.
Once complete, all ISO recommended stages of sur-
face texture analysis will have a traceable reference.
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