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ARTICLE INFO ABSTRACT

Keywords: In this paper, the application of an Autocorrelation Function for the characterisation of surface topography was
Surface topography validated. The roughness evaluation of turned composite surfaces was supported by sophisticated studies of the
Measurement

Autocorrelation Function properties, considering especially the shape of the function. Details were measured
with the optical method. The selection of the surface roughness evaluation procedures was carried out based on
the Autocorrelation Function for both profile and areal analyses. Moreover, the application of various types of
regular analysis methods, proposed in commercial software, like regular Gaussian regression and robust Gaussian
functions, median de-noising, regular isotropic Spline, and fast Fourier transform filters, was proposed for the
evaluation of surface topography parameters from the ISO 25178 standards. It was found that many common
techniques, like commonly used filters, spectral analysis, and characterisation of texture direction, were sup-
ported by the proposed Autocorrelation Function studies. Moreover, the hard thresholding technique was found
to be valuable in the comprehensive noise-suppression analysis.

High-frequency measurement noise
Autocorrelation function
Autocorrelation function shape analysis

the surface texture parameters with cavitation erosion resistance as well.
Generally, the functional properties of the surface were related by
Abdel-Aal [8] with its roughness.All studies, reflected in various areas of
surface topography studies, can be prone to numerous errors that may
arise during the surface measurement, surface analysis, or comparison of
its properties. Measurement errors and errors in data analysis prepara-
tion were often closely examined by Podulka [9] and Dzierwaetal. [10],
respectively. These two actions are typically treated as a single opera-
tion, and the errors associated with both processes are generally clas-
sified as measurement errors.

Numerous types of errors can affect the characterisation of surface
measurement results, especially for optical techniques. An example of
this type of measurement is interferometry. De Groot in [11] introduced
critically the surface topography interferometric measurement indi-
cating its main disadvantages. A comprehensive presentation of all is-
sues associated with optical measurements was presented by Leach in
[12]. One frequently examined error is measurement noise [13].
Muhamedsalih et al. [14] classified its compensation as a challenging

1. Introduction

Variety in the application of surface topography analysis can indicate
its growing significance in plenty of areas directly related to surface
science. Much valuable information can be received straightly from
surface texture studies. Rosenkranz et al. [1] imparted that precise
surface texture analysis help to understand the possibilities of reducing
friction or wear. Trzepiecinski et al. [2] related sheet deformation with
a variation of the parameters of surface texture parameters and the value
of friction coefficient. Harlin et al. [3], in general, affected the surface
roughness on tribological performance in sliding contacts.

Staying with material properties, Deng et al. [4] linked multiaxial
stresses with geometric discontinuities, like holes, and grooves, char-
acterised when surface topography is studied. Furthermore, multiaxial
fatigue was comprehensively studied by Branco et al. [5]. Rozumek et al.
[6] presented the results of fatigue crack growth subjected to bending
with structural considerations. Szala et al. [7], respectively, connected
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Nomenclature TD texture direction

WLI white light interferometry
ACF autocorrelation function Pt total height of the profile, um
D-ACF  double autocorrelation function analysis (double-ACF) Sa arithmetic mean height, um
FFTF fast Fourier transform filter Sal auto-correlation length, mm
FT Fourier transform Sdq root mean square gradient
GRF Gaussian regression filter Sdr developed interfacial areal ratio, %
HFN high-frequency noise Sk core roughness depth, ym
HFNS high-frequency noise surface Sku kurtosis
L-surface long-wavelength surface Smc inverse areal material ratio, um
LSPL least square plane Smr areal material ratio, %
MDF median denoising filter Sp maximum peak height, um
MQCL  minimum quantity cooling lubrication Spc peak curvature, 1/mm
NMPs non-measured points Spd peak density, 1/mm?
NS noise surface Spk reduced summit height, um
PSD power spectral density Sq root mean square height, um
RGRF robust Gaussian regression filter Ssk skewness
RMS root mean square Std texture direction, °
S-filter filter removing small-scale components Str texture parameter
S-L surface surface received after S- and L- filtering Sv maximum valley depth, um
S-surface small-wavelength surface Svk reduced valley depth, um
SF regular isotropic spline filter Sz the maximum height of the surface, um

task to be resolved. From the fundaments, according to the ISO stan- well.

dards [13] definition, measurement noise can be designated as the noise
added to the output signal when the ordinary use of the measuring in-
strument occurs. A closely related ISO definition is instrument noise,
which was supposed by Vanrusselt et al. [15] to be the lowest possible
measurement noise value under ideal conditions.

The measurement noise was subjected by Leach et al. [16] to be
analysed depending on its bandwidth. Considering the ‘noise density’
[17], one of the discussed topics is to reduce high-frequency measure-
ment errors [18]. De Groot argued that high-frequency measurement
noise can be caused by both mechanical instability and environmental
factors [19]. However, considering most cases, high-frequency noise is
generally caused by vibration [20].

When reviewing procedures for defining measurement noise, Gomez
et al. [21] began by considering the effect of random noise on the final
topography map. This can occur when using Coherence Scanning
Interferometry (CSI) and averaging a sequence of repeated surface
topography measurements, comprehensively studied by Giusca et al. in
[22]. In contrast to the averaging methods, the measurement noise, in
the selected bandwidth, such as in the high-frequency domain, can be
evaluated when characterising the results received after digital filtering,
e.g. comparing the spline techniques [23]. Furthermore, the advantages
of the application of areal and profile studies of surface topography
parameters were illustrated by Macek et al. in [24]. Results obtained
when measurement noise is suppressed can be defined as the Noise
Surface (NS), which should possess some necessary properties. All of
those characteristics, such as dominant frequency or not containing non-
noise components (features) were thoroughly examined by Podulka
[25].

Functions directly related to frequency characterisation are crucial in
the definition of high-frequency measurement noise. Spectral analysis is
a popular approach, with the power spectral density (PSD), or power
spectrum, being a representative example. Reina et al. [26] used the PSD
for improving the estimator to evaluate terrain online during normal
operations of driving assistance systems. Krolczyk et al. [27] applied the
PSD for comparing surfaces after dry and MQCL turning processes.
Consequently, Kalisz et al. [28] compared the effects of various
machining methods (milling-burnishing, milling and polishing) with the
usage of PSD characteristics. Nieslony et al. [29] found PSD allows
analysis of the drilling process in different layers of clad materials as

The PSD of a surface, which represents a mathematical tool, de-
composes the surface into contributions from different spatial fre-
quencies (wave vectors). Simplifying, it provides a way of representing
the distribution of signal frequency components. Mathematically, the
PSD is the Fourier transform (FT) of the Autocorrelation Function (ACF)
of the signal, which contains only the power and not the phase. Leach
et al. [30] searching for the limitations, found that the PSD cannot be
used to characterize all components of the surface error. Moreover,
unlike the PSD, the ACF was noted by Whitehouse [31] as more useful
for the characterisation of random surfaces. However, both functions
were presented by Michalski [32] as useful and not mutually exclusive.

The PSD curve can be divided into three regions: low-frequency re-
gion, intermediate frequency region, and high-frequency region. Each of
the regions can play a significant role in the characterisation of surface
roughness. The first two regions play a significant role in characterizing
the surface roughness. The first two regions are associated with the
overlap of craters and the mechanism for removing indentations cutting
edges, respectively. In constrast, the high-frequency region is linked to
the removal of micro-dents [33]. The PSD was primarily introduced as
an effective tool for characterizing the surface profiles, enabling the
extraction of both vertical and lateral information. It provides insights
into the influence of roughness at different spatial frequency regions on
the overall roughness, a dimension that cannot be determined using
arithmetic average or root mean square roughness [34].

Generally, using statistical functional parameters can be an effective
way to extract surface topography features. The ACF of the roughness
profile can reveal random and periodic features that may be present in
the generated surface. Furthermore, the relative contribution of the
electrolytic dissolution and the pure mechanical grinding in electro-
chemical grinding (ECG) can also be received from the ACF analysis, as
introduced by Roy et al. in [35]. It has been found by Wang et al. [36]
that the apparent isotropy and aperiodicity of belt surfaces are
confirmed by examining the shape of the ACF, especially its symmetry.
In general, the anisotropy of all machined surfaces can be exhaustively
examined by analysing the ACF properties [37].

It has been found by Podulka [38] and Hreha et al. [39] that the
overall assessment of the ACF can be particularly significant in the
feature-based or frequency-based studies of machined surfaces, corre-
spondingly. It was also assumed in [40] that sizes, densities and
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distributions of features can significantly influence the data processing
methods as well. The edge effect, also known as the end effect, can be
also reduced when comprehensive studies of some general functions are
provided, especially for areal form removal [41] (ISO definition of the L-
surface [42]) processes [43]. Extensive investigation of the ACF is
relevant in defining certain types of measurement noise, particularly
those in specific frequency domains [44]. In previous studies from the
authors, some differences were observed especially for the centre part of
the function, where the maximum value was obtained. The occurrence
of high-frequency components was noticeable when the ACF value
increased more rapidly. This property was found to be suitable for
selected types of topographies.

Moreover, the accuracy of the ACF noise detection was influenced by
the direction of the profile characterisation (extraction). Previous
research papers have demonstrated that the direction of profile extrac-
tion plays a crucial role in improving accuracy during the high-
frequency noise identification and reduction process [25]. Among the
suggested extraction orientations - horizontal, vertical, and oblique —
special attention has been given to the oblique direction. In this case, it is
selected according to the direction of the machining trace, often called
as the treatment trace profile, leading to improved detection accuracy
for high-frequency measurement noise. In cases involving surfaces with
deterministic patterns, the application of profile characterisation
alongside areal data is justified. Thus, simultaneous analysis of both
areal and profile data is essential in such cases.

Consequently, the high-frequency noise was not suitably studied for
the turned details, especially for those made of composite material.
Finding the dependence between the noise occurrence and ACF prop-
erties can be valued according to the function availability. Finally,
reducing the measurement noise can be essential to reduce errors in the
calculation of surface texture parameters. Thus, the main purpose of this
paper is to provide an appropriate response from the ACF characteri-
sation to the process of defining high-frequency measurement errors.

2. Materials and methods
2.1. Analysed surfaces

The turned composite surfaces were measured, studied, and char-
acterized using the ACF technique. Generally, machining composite
materials are difficult due to their anisotropic and non-homogeneous
structure. Moreover, the high abrasiveness of their reinforcing constit-
uents is a serious limitation as well, as mentioned by Teti et al. [45].
However, turning, classified as a conventional machining process, can
be applied to composite materials. Fig. 1 presents representative ex-
amples of the surface topography of machined composites.

Various cross-hatch angles of composite surface machining were
studied varying from 30° to 60°. The cutting speed was 50 m/min, the
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feed rate was 0.1 mm/rev, and the depth of cut was 0.25 mm.

Fig. 2 includes examples of analysed surface topographies consid-
ering both contour map plots (a) and isometric views (b). Moreover, the
selected ISO 25178 standard parameters (c) were presented with areal
(d) and profile (e) ACFs. In addition, subfigures (e) and (f) show the PSD
and TD graphs, respectively. The ISO 25178 texture parameters were
also analysed.

2.2. Measurement process

All of the analysed surfaces were measured with the non-contact
measurement device, the white light interferometer (WLI [46]) Taly-
surf CCI Lite. It was equipped with the following: a height resolution
equal to 0.01 nm; and a measured area defined with 3.35 by 3.35 mm?,
including 1024 x 1024 measured points, respectively. The spacing was
designated as 3.27 pm. Furthermore, a Nikon (5x/0.13 TI) objective was
employed. More than 10 samples were measured for each type of surface
cross-hatch angle (30°, 40°, 45°, and 60°).

For the analyses of the results obtained, areal digital filters processed
with the TalyMap Gold (Digital Surf) software were used to obtain the
ISO 25178 surface texture parameters, as follows: regular Gaussian
regression filter (GRF), robust Gaussian regression filter (RGRF), regular
isotropic spline filter (SF), median de-noising filter (MDF), and fast
Fourier transform filter (FFTF).

Consequently, all of the applied data processing functions (i.e. power
spectral density (PSD) calculated with the ‘all directions method’,
autocorrelation function (ACF), and texture direction (TD)) were
received and validated by using this source. The mathematical back-
ground of ACF and PSD methods can be found in reference [42]. The
hard thresholding technique was also investigated with this source.

2.3. Applied methods

2.3.1. Proposed procedure for data pre-processing and errors compensation

The proposed procedure was initiated by filling the non-measured
points (NMPs). The NMPs point heights were calculated by the
smoothed shape from the neighbours’ method proposed by the com-
mercial software. Secondly, the outliers’ existence was studied and hard
thresholding was applied. The thresholding value varied in the range of
0.13 % — 99.87 %. Next, the third pre-processing proposed the levelling
of the received measured data by the least-square plane (LSPL) tech-
nique for the horizontal positioning of the surface data.

In further steps, the received surface topography data were studied
for the possible occurrence of high-frequency measurement noise. In this
case, comprehensive studies of the shape of the ACF were proposed for
the detection process improvements. It was found that the shape of ACF
was modified in the maximum value (usually around the ‘1) when the
high-frequency components were received in the measured topography

Fig. 1. Surface topography images of turned composites with machining cross-hatch angles approximately equal to (a) 30° and (b) 40°.
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Sq =2.17 um, Ssk=0.178, Sku=2.91, Sp =9.91 um, Sv = 6.81 pm, Sz =16.7 um, Sa = 1.73 um,
Smr=0.00221 %, Smc = 7.09 pm, Sa/ = 0.0645 mm, Str=0.115, Std=57.2 °,
Sdq = 0.113, Sdr = 0.637 = %, Spd = 45.5 1/mm?, Spc = 0.0375 1/mm,

Sk=15.2 um, Spk=2.05 pum, Svk = 1.05 um
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Fig. 2. Contour map plots (a), isometric view (b), selected ISO 25178 texture parameters (c), the areal (d) and profile (e) ACFs, PSD (f) and TD graph (g) of a turned

composite surface.

data [23]. Otherwise, the presence of high-frequency errors can be
validated when the noisy data (noise surface) is studied. Proper noise
surface properties are required [25].

The measurement noise can be reduced by repeating the measure-
ment process. Nevertheless, for machined surfaces, where roughness
control is usually required with in-line accomplishments, the time to

reduce measurement errors and computing errors is crucial. Asan
alternative to the statistical noise compensation methods, digital
filtering can be adopted. In this approach, the fast implementation of the
filter algorithms is its biggest advantage. A common and frequently
encountered issue is the selection of the appropriate filter and its
bandwidth. If the cut-off value is chosen incorrectly, it can lead to a
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significant increase in errors during the calculation of ISO 25178 texture
parameters. Consequently, this can result in an accurate estimation of
surface properties and misclassification of properly manufactured parts,
including defects and rejected items. To minimise this problem, a com-
prehensive procedure for high-frequency measurement noise suppres-
sion is proposed in this paper, as presented in Fig. 3.

The filter and its bandwidth are studied to address noisy data that
may contain proper frequencies. It is assumed that the data removed
from the surface should contain the frequencies of the noise suppressed.
In the specific case being studied, the noise surface (NS) is expected to
consist of high-frequency components. The validation of the filter and its
cut-off selection is proposed through a comprehensive analysis of the
autocorrelation function (ACF) and power spectral density (PSD) of data
functions, as well as thresholded ACF and PSD of the data, and the

Measurement 222 (2023) 113640

requirements for isotropic direction based on TD graph studies. Some
improvements in the validation of the noise removal process were also
achieved when studying profile data instead of areal data. However, it is
important to note that the proposed characterization of noise profiles is
influenced by the direction in which the profile is extracted and must be
carefully specified.

Finally, a suitable filter and its bandwidth can be proposed to
minimize errors in the calculation of ISO 25178 texture parameters from
machined composite surface topographies.

2.3.2. Reduction of errors in texture parameter calculation with an ACF
shape and directional methods

In previous studies of the ACF validation in the process of general
surface topography analysis, Mattia et al. [47] indicated that using

WLI measurement

Data pre-processing

NMPs fill-in

A 4

I
I
I
I
I
I
Outliers thresholding :
I
I
LSPL data levelling :

1 High-frequency noise reduction process

Yes

v

Detection of noise
by the ACF-shape analysis

Exist?

No

Selection of the filter
and cut-off

Noise removal process
validation by studies of PSD, data ACF,
thresholded data ACF and PSD analysis,

noisy data ACF, PSD and TD assessments,

profile data characterisation

Correct?

Evaluation the ISO 25178 texture parameters from the turned composite surfaces

Fig. 3. The flow chart of the applied procedure.
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simulated data, the shape of the ACF is sensitive to measurement reso-
lution. Consequently, both the accuracy when the correlation length
parameter is evaluated and its precision rely largely on the total
extension of the measurements, studied by Oh et al. [48].

The shape of ACF can be particularly advantageous when measuring
very long profiles. Thus, as found by Manninen et al. [49], the final data
may need to be compiled from several bendwise ACFs to meet the
experiment requirements. Additionally, research has shown that for very
smooth surfaces, particularly those exhibiting fractal processes and, as
concluded by Zhixiong et al. [50], the relative amplitude of the single-
scale process determines the overall shape of the ACF. It was also
found that the shape of the ACF can indicate the state of the surface [51].

The shape of ACF has also been examined by Podulka [23] in cases
where high-frequency measurement errors need to be detected. It has
been found that data containing noise data, included in the high-
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frequency domain, display a more rapid increase in ACF within the
maximum value bandwidth compared to data with no content of those
frequencies. Generally, the shape tends to modify from convex to
concave near the ‘1’ value, as concluded in [23].

However, the process of detection of noise data, based on the analysis
of the ACF shape, produces more direct results when examining profile
data rather than areal data. This dependence was substantially enhanced
for the detection (definition) of high-frequency noise. Some examples of
modifications to the maximum value of the ACF (indicated by the
marker in the e and f subfigures) are presented in Fig. 4. The ACF-shape
method can be especially valuable when differences in the PSD functions
are not observed (subfigures ¢ and d) but noise data can be detected by
analysing the associated profiles (subfigures a and b). Loew et al. [52]
proved that the ACF-shape analysis technique can be highly satisfactory
regardless of the size of the analysed detail.
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Fig. 4. Selected profiles (a,b), their PSDs (c,d) and ACFs (e,f), received from a turned composite surface for raw measured data (left column) and with generated

high-frequency noise (right column).
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Additionally to the ACF-shape method, the precision of detection of
measurement noise in the high-frequency domain can be influenced by
the direction of profile data extraction from an areal data [18]. Except
for some horizontal and vertical directions, proceeding with the oblique
(diagonal) directions, the treatment-trace direction was suggested.
Previous studies have shown relying on the location of summits (‘top’)
and valleys (‘bottom’) using the treatment-trace profile approach is
effective in detecting high-frequency noise [40]. However, this scheme
has been comprehensively studied only for specific types of surface to-
pographies, such as turned surfaces (e.g. piston skirts, comprehensively
studied by Shaw et al. in [53]) or laser-textured surfaces (e.g. titanium,
presented by Convert et al. in [54]).

The combination of both ACF-shape and direction techniques can be
highly advantageous in many surface-topography studies. Nevertheless,
the type of machining may not give similar responses when the pro-
cessed material varies. Fig. 5 presents the ACFs calculated for profiles
extracted in various directions, including horizontal (a,b), vertical (c,d),
diagonal (oblique) (e,f), and treatment-trace (g,h), as previously
mentioned. It can be observed that differences either did not exist or
were negligible in the investigated cases and, therefore, may not be
relevant in the detection of high-frequency measurement noise occur-
rence. Furthermore, reducing noise with a selection of the cut-off value
[25] is not achievable due to the lack of NS analysis. This characteri-
sation requires additional methods to validate the occurrence of high-
frequency measurement noise.

2.3.3. Improving ACF techniques with thresholding methods for a high-
frequency measurement noise suppression

Lacks definition in high-frequency measurement noise, received
through ACF-shape and direction methods, can be reduced by hard
thresholding the raw measured data, as presented by Martha et al. in
[55]. The thresholding technique can be applied to the measured data
or, as proposed in the presented studies, can be applied to perform a
more comprehensive characterisation of the surface roughness analysis
functions. Fig. 7 shows some examples of the selection of the thresh-
olding value (A1 and A2) based on the Abbott-Firestone curve (c,e).

Fig. 8 shows the application of the thresholding method to the ACF
for improving the high-frequency noise reduction process. The differ-
ences in the NS contour map plot, indicating the noise occurrence, can
be difficult to precisely determined (a,b), including its PSD (c,d) and
ACF (e,f) characterisation. Some marked variations were only received
when the ACF was thresholded (g,h). The received ACF could be clas-
sified as isotropic and with a dominant direction. Additionally, the
procedure for defining the thresholding value was thoroughly examined,
justified, and originally proposed in previous items [25,56].

The thresholded ACF can be used for both raw measured and
thresholded data. In Fig. 9, the thresholded NSs were analysed for raw
measurements and contained high-frequency noise surface topogra-
phies. Compared to non-thresholded data presented in the previous
figure, some differences were detected with contour map plots (a,b) but,
differences in PSD (c,d) characterisation were negligible. Further
thresholding of the ACF data (e,f) may allow for a clear disparity. From
the analysis of contour map plots of thresholded ACF data, some features
not located in the required (high) frequency were identified (areas
marked by the arrows in Fig. 9e).

Considering the necessary properties of NS, their thresholded data,
and calculated PSD and ACF functions, it is not clear how they respond
to the definition of high-frequency errors. However, the effectiveness of
the thresholding technique on the ACF data is well-justified, and the
technique can be considered promising with double thresholding, which
includes limitations of raw measured data and ACF data obtained from
those data. The double thresholding method starts with the thresholding
of the noise-filtered data, e.g. by FFTF filtration, see Fig. 9a and 9b.
Then, the ACF calculated from the received data is further thresholded,
see Fig. 9e and 9f. This technique plays a crucial role in characterizing
the required properties of properly defined noisy data (noise surface).
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The flow chart illustrating the double thresholding approach can be
found in Fig. 6.

Additionally, direction studies (g,h) can provide insights into noise
identification. The texture direction (TD) graph can be especially
important in determining if the surface data are isotropic or not. In this
study, it was found that analyzing the TD of thresholded ACF data has
the potential to be profitable for identifying high-frequency errors.

2.3.4. Proposal of a profile analysis for filter cut-off selection improvements

Since material contact is studied as an areal performance [57],
analysing surface topography with areal measurement and ISO texture
parameters is completely justified and required in the process of surface
tribological performance, like presented by Singh et al. in [58]. How-
ever, studies of profile data, investigated by Li et al. [59], can be
essential and more advantageous than areal measurements, especially
when studying contact mechanics and related damage issues. Some ex-
amples of profile data studies against areal measurements were notice-
ably improved in previous studies [23].

In addition, the profile characteristic can be more valuable in
resolving many surface metrology problems, like edge-effect reduction
and characterisation of anisotropic surface structures of additively-
manufactured products, resolved by Zakharov et al. in [60] and [61],
respectively. However, Ramulu et al. [62] found that profile charac-
terisation can rely on the direction of the measurement, extraction, and
accuracy of the data processes. Peta et al. [63] emphasized that,
generally, surface roughness analysis requires mindful users or, at least,
those who are properly guided.

Profile characteristics are useful for resolving some surface
metrology issues, and much relevant information can be obtained from
profile data extraction, like adhesion and corrosion creep, presented by
Croll et al. [64], roughness prediction of milled surfaces, mentioned by
El-Sonbaty et al. [65] or, more widely, wettability, indicated by Kubiak
et al. in [66], superhydrophobicity, found by Yang et al. in [67], the
roughness of a sanded wood surface, introduced by Hendarto in [68]
and in the generation of data, experimental and simulation analyses on
periodic roughness, completed by Carmignato et al. in [69].

When characterising the profile data, there are significant advan-
tages to studying the profile view. Fig. 10 presents profiles obtained
from a turned composite surface for both the raw measured (a) and data
with simulated high-frequency noise (b). Except for the noise visibility,
the total height of the profile (Pt) increased for the noise data compared
to the measured data. When considering the ACF and its shape (c,d),
especially in the central part of the function, differences did not exist or
were negligible. The amplitude of the noise received after an FFTF
(bandwidth 20 um) filtering (e,f) was larger for the noised data than that
in the measured data, at 1.2 um and 0.676 um, respectively. Moreover,
the increase in noise amplitude was detectable with PSD characterisa-
tion (g,h), where the magnitude of high-frequency components was
larger for the NS profile obtained from noisy data than that obtained
from raw measured data.

In Fig. 11, the thresholding method is presented for the turned
composite surface profile data. Previous studies have shown that spec-
trum (frequency) analysis can be more valuable for profile data than for
an areal [9]. For profile characterisation, the ACF (a,b) was thresholded
(c,d). The application of this technique was crucial in the detection of
non-noise features from the NS profiles. The non-noise feature disclosure
can be markedly improved for both profile views (c,d) and PSD (e,f)
studies. The PSD, which represents the distribution of heights (pits),
studied by Kanafi et al. [70], can provide information on dominant
frequencies, considered by Ostasevicius et al. [71]. Reflecting the
properly filtered NSs, or NS profiles, should contain only the analysed
noise frequencies. In the presented studies, high-frequency components
are expected to be present. The PSD of thresholded ACF data, filtered
from those raw measured data contained a dominant frequency with a
0.101 mm bandwidth (g). The PSD calculated for thresholded ACF from
the NS profile obtained from noisy data contained more dominant
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Fig. 5. Profiles extracted from an ACF with horizontal (a,b), vertical (c,d), diagonal (oblique) (e,f), and treatment-trace (g,h) directions, received from the raw
measured surface (left column) and with generated high-frequency noise (right column).
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components located in the high-frequency domain (h).

Additional analysis can be performed when ACF is determined for
the thresholded ACF data (g,h). This technique, shortly named double-
ACF analysis (D-ACF), can be beneficial in the detection of non-noise
components in NSs or NS profiles. The density of the dominant fre-
quency component in the NS profile is equal to 0.10 mm, as shown in
Fig. 10g. For non-noise data, a filter with a bandwidth equal to 3 times
the measurement spacing was applied, which caused non-noise features
to appear on the NS profiles. Improvements were observed in the NS
profile containing high-frequency noise (Fig. 10h). Consequently, the D-
ACF method can be valuable in detecting high-frequency noise in turned
composite surface measurements.

3. Results and discussions
3.1. Definition of HFN by characterisation of the ACF

One of the major issues in surface metrology, as indicated by Chen
et al. in [72], when analysing surface roughness is the definition of
measurement errors. If statistical methods are included, it is difficult to
separate the real data from those classified as errors. To address this
problem, Kuo et al. [73] measured the same area repeatedly and pro-
vided a reasonable solution for assessing measurement repeatability.
Nevertheless, data removed from that raw measurement can include
some real results. Simultaneously, the reduction of measurement noise
can be studied on the results of the data removed. Those data were
previously defined as noise surfaces [25]. Considering the frequency of
the suppressed noise data, the NS consisting of errors in the high-
frequency domain was defined as high-frequency noise surface (HFNS)
[9,18,23]. Generally, the properties [9] of NS (HFNS) can be found if the
data are appropriately removed. Removing non-noise data from those
raw measurements can increase errors in ISO 25178 parameters calcu-
lation and, correspondingly, lead to the misclassification of properly
made parts as defective, as presented by Grabon et al. in [74]. Moreover,
the methods for suppression of high-frequency measurement noise can
be validated when the properties of NS are found.

Fig. 12 shows two different NSs obtained by filtering raw data from
turned composite surfaces using Gaussian radial basis functions (GRF),
subfigures (a,c,e,g), and spline functions (SF), subfigures (b,d,f,h). The
cut-off was selected and compared between the two applied filtering
methods according to recent standards [75], often referred to as the
nesting index, e.g. by Li et al. [76]. Considering the studies of contour
map plots of NSs, the ones calculated by the GRF contained features with
one specified direction, indicated by arrows in Fig. 12a. A similar
property was not observed in the NSs calculated by SF filtration in
Fig. 12b. The directionality of the NSs indicates that the removed data
contains non-noise features which are not desired.

Consequently, the filtration method responsible for non-noise
feature occurrence on the removed data cannot be classified as suit-
able for the high-frequency measurement noise definition. Improving
the above assumption can be considerably taken with the application of
the thresholding technique. The thresholded ACF of the areal data can
reduce the errors in an accurate definition of NS. The GRF method was
found to be less effective for the reduction of high-frequency errors

(Fig. 12¢) compared to the SF filtration (Fig. 12d). Moreover, the PSD
analysis revealed the dominant frequencies. The dominant frequency for
the GRF was approximately, 0.2 mm. This distance is related to the
distance between turning traces. In contrast, the dominant frequency for
SF was in the high-frequency domain, indicating that the NS created by
the SF method was isotropic, while the NS obtained by GRF was not
(Fig. 12g and Fig. 12h).

However, both PSD and TD characterisations may not be unequiv-
ocal in certain cases. In Fig. 13, the NS calculated after the application of
the median deviation filter (MDF) method, with a cut-off equal to 0.20
mm, is presented with its functions (PSD, TD, and ACF). When analysing
the contour map plots of NS (a), no non-noise features were identified.
PSD (b) and TD (c) seemed to confirm this finding. Notwithstanding, the
throughout analysis of the ACF revealed the shortcomings of those
techniques. Firstly, some non-noise (with specified direction) features
were found on the ACF diagram (d). Secondly, the contour map plot of
the thresholded ACF graph conferred the non-noise features (e). Addi-
tionally, the PSD of the thresholded ACF determined a dominant fre-
quency similar to the distance between treatment traces (0.2 mm).
Finally, TD and D-ACF analyses confirmed the non-isotropic properties
of NS. All of these characteristics excluded the NS obtained by using the
MDF technique from being potentially suitable for the reduction of high-
frequency errors in surface roughness measurements. In this case, the
ACF function, including the thresholding of the data, had to be
reapplied.

3.2. Improving proposed methods in the filter cut-off selection

Selection of the cut-off value, often referred to as bandwidth, is a
critical process that, when not validated appropriately, can cause
enormous errors in the calculation of ISO 25178 surface texture pa-
rameters. Surface properties can be evaluated erroneously when the cut-
off value is not determined properly. Historically, the cut-off was
thought to generate a large number of errors in defining the long-
frequency components (shape and waviness) of the surface. Many
recent metrological problems have been identified around this issue as
well [41]. However, when the surface roughness is evaluated, the S-L
surface must be defined. The S-L surface analysis can be divided into two
studies: firstly, areal form removal (definition of the L-surface); and,
secondly, reduction of the high-frequency errors (designation of the S-
surface). When the cut-off is properly selected for the shape and wavi-
ness (form) removal, the relevant bandwidth must be proposed for the
reduction of high-frequency errors (noise).

In Fig. 14, the comprehensive analysis of the profiles extracted from
various NSs, created by FFTF filtration with different cut-off values
(0.10 mm, 0.20 mm and 0.30 mm) is presented. The first observation is
related to the different amplitudes of the noise profiles (a). The greater
the bandwidth selected, the larger the amplitude received. However, the
amplitude cannot be a criterion for the noise separation method pref-
erence. The application of NS profile PSDs (b) and ACFs (c) may not
adequately respond to these issues as well. Some more useful responses
can be obtained by studying the central part of the ACF (d). It was found
that both the data containing the high-frequency components and high-
frequency data have their ACF increasing more rapidly than regular non-
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Fig. 7. The NS (a) obtained by FFTF (cut-off = 0.010 mm) filtering, the method of selection of the thresholding value (b) with the Abbott-Firestone curve (c), the
thresholded NS (d) and its Abbott-Firestone curve (e), the ACF of thresholded NS (f) and the thresholded ACF of the thresholded noisy data (g).

10


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
-
J—

P. Podulka et al.

Measurement 222 (2023) 113640

15 2mm pm pm
0 L 1 : 1 L 1 L 18 0
: 3 2 ¢ 16
0.25 A . 3 16 0.25
ey 3 14
054 5 "k 14 05 12
075 E i d 12 075 ’
S : . 1 1
b 3 08 ' o8
125 3 i R g ok . 125 05
1.5 S ; - 04 15 0.4
175 1 3 e 0.2 175 0.2
2 aaandtaaan s Aaaa ] 2 0
mm mm
a) b)
0.085mm 0.438mm 0.173mm 0.0586mm 0.418mm  0.156mm
(2.06pm) (2.14pm) (2.25pm) (0.102nm) (0.106nm) (0.109nm)
0.0188mm 0.102mm 0.156mm 0.0188mm 0.102mm  0.142mm
pm2 /\ (5.84pm) (2.15pm) (2.07pm) nm2 f\ (0.3nm) (0.104nm) (0.104nm)
35 04
30 !
25 ] 008 -
204 0.06 4
% 004
10
5] 0024
0 0
0.025 0.65 0075 0.‘1 0425 0.:5 0175 0.‘2 0225 0.;5 0275 0.‘3 0325 035mm 0.025 0.65 0075 0.‘1 0425 0.:5 0175 0.‘2 0225 0.;5 0275 0,‘3 0325 0.55 mm
Zoom factor: 8 Zoom factor: 8
<) d)
0 05 1 15 2mm 0 05 1 15 2mm
0 0
025 0.25
05 05
075 075
1 1
1.25 1.25
15 15
175 175
2 2
mm mm
e) f)
0 05 1 15 2mm 0 05 1 15 2mm
0.05 o
0.045 0.25
0.04 05
0.035
0.75
0.03
0.025 1
0.02 1.25
0.015 15
0.01
0.005 178
0 2
mm
g h)

Fig. 8. Contour map plots (a,b) of NS obtained by FFTF (cut-off = 0.20 mm), their PSDs (c,d), ACFs (e,f) and thresholded (0.5 % — 99.5 %) ACFs (g,h), received from
raw measured data (left column) and with generated high-frequency noise (right column).
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Fig. 11. Received from NSs profiles: ACFs (a,b), their thresholded ACFs (c,d), the PSDs calculated for the thresholded ACFs (e,f) and the ACFs calculated for the
thresholded ACFs (g,h); the NS received by FFTF (cut-off = 0.20 mm) filtering of the raw measured data (left column) and filtering the data with generated high-
frequency noise (right column).
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Fig. 12. Contour map plots of NSs (a,b), their thresholded ACFs (c,d), PSDs (e,f) and TD graphs (g,h), received after an HFN removal by application of GRF (a,c,e,g),

and SF (b,d,f,h), cut-off = 0.20 mm.

noise data. Further improvement is suggested by using thresholding of
the ACF. The thresholded ACFs (e) and their PSDs (f) can determine the
dominant frequency. According to the PSD analysis, the dominant fre-
quency for the NS profile obtained after the application of FFTF with a
cut-off equal to 0.10 mm and 0.30 mm is equal to 0.25 mm. However,
when the 0.20 mm bandwidth was used, the dominant frequency was
located in the high-frequency domain. The dominant frequencies can be
roughly designated on both the NS profile data (indicated in Fig. 14e)

and the PSDs (marked in Fig. 14f). Based on these findings, a cut-off
equal to 0.20 mm seems to generate the smallest errors, resulting in
non-noise features that are located closest to the high-frequency
domains.

The preference for the cut-off value can be simplified with the
thresholding improvement. Fig. 15 displays the contour map plots of
raw measured data along with their thresholded parts (a,b), which en-
hances the visibility of eye-view detection of non-noise data in the NSs.
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Fig. 14. Profiles extracted from NS (a), their PSDs (b), ACFs (c), enlarged (0.025 mm) ACFs (d), thresholded ACFs (e) and their PSDs (f), received after an HFN

reduction by FFTF with cut-off equal to 0.10 mm (left column), 0.020 mm (middle) and 0.030 mm (right column).

The non-noise components are fully visible on the PSD graphs (c,d) and
the differences are obvious. However, the results are not supported by
the TD graphs (e,f), where the differences are small or negligible.
Nevertheless, some responses can be acquired from the analysis of the

shape of ACF (g,h).

From the application of the ACF-shape method, especially particu-
larly when the central part is considered, it was found that ACF value
increases more rapidly when the RGRF is used against FFTF. In the last
10 um (first from the left), the value of ACF increased around 0.9 and 0.7

for the RGRF and FFTF methods, respectively. In this study, the shape of
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ACF can define if the analysed data is on the required frequency.
Consequently, reducing the errors in the selection of both filter and its
bandwidth (cut-off) for the definition of high-frequency measurement
errors depends on a comprehensive analysis of many functions, such as
PSD, TD, and ACF. The properties of ACF, in particular, can be extremely
valuable in defining measurement noise, especially in the high-
frequency domain. Detailed characterisation of the ACF function can
improve studies of the surface with a specified direction, such as turned
composites.

From a comprehensive analysis of the ACF and PSD functions, it was
determined that the most significant contribution of high-frequency
components resides within the noisy data (NS), evidenced by the most
substantial increase in the centre of the ACF. In practice, when defining
the best filtering solution for the reduction of high-frequency noise, the
most pronounced amplification near the maximum value (equal to 1)
should be identified. Upon evaluating the results obtained from gener-
ally available filters in the commercial software, the most promising
outcomes were obtained after the implementation of a robust filter
(RGRF) with a cut-off equal to 0.010 mm (see Fig. 15g and 15 h). Ac-
cording to the PSD characterisation, the high frequency was dominant
after usage of the RGRF method (see Fig. 15c and 15d).

Analysis the high-frequency region [33] of the PSD through refine-
ment of the ACF shape method can effectively determine if selected
types of errors are present in the raw measured data. Furthermore, errors
caused by false estimation of the noise-removal procedure can be
reduced by a comprehensive analysis of both functions. The stability of
the procedure for the reduction of selected types of measurement noise
(e.g. this in the high-frequency domain) can be enhanced by multithread
studies, encompassing the analysis of the high-frequency region of PSD
function and the ACF shape, especially in the central region.

The comparison of filtering results between FFTF at 0.020 mm and
RGREF at 0.010 mm can lead to relevant outcomes. In both cases, the ACF
exhibited the most substantial growth, and the dominant frequency
within the PSD was located in the high-frequency domain. However, the
increase in ACF for noisy data filtered by FFTF was less pronounced than
that observed after the RGRF application. This clearly underscores the
importance of analyzing the shape of the autocorrelation function.

It was also found that the presence of high-frequency noise can
significantly affect specific surface roughness parameters. According to
ISO 25178 standard, the hybrid parameters, including the developed
interfacial area ratio Sdr and the root mean square gradient Sdq which
represents the Root Mean Square (RMS) surface slope comprising the
surface evaluated over all directions, demonstrated the highest sensi-
tivity to the existence of high-frequency noise. In certain instances, these
parameters increased by more than 100 % [77]. However, the relative
increase of the Sdr parameter was much greater than that of the Sdq,
which was consistent with previous studies that hybrid parameters are
very sensitive to the occurrence of high-frequency noise [78].

The proposed procedure can be crucial in reducing the errors asso-
ciated with the calculation of the noise-sensitive ISO 25178 roughness
parameters. This includes some hybrid parameters, such as developed
interfacial area ratio Sdr and root mean square gradient Sdq, as well as
some feature parameters, such as peak density Spd and peak curvature
Spc. Among the spatial parameters, the autocorrelation length Sal and
texture-aspect ratio Str emerged as the most consistent parameters,
aligning with findings from prior research [79].

In essence, appropriately defining the noisy data (referred to as the
noise surface, NS) and enhancing it with essential attributes via a
comprehensive analysis of the autocorrelation function, namely in terms
of its shape, can be crucial in the reduction of errors associated with the
evaluation of noise-sensitive ISO 25178 roughness parameters.

4. Conclusions

Based on all studies presented in the previous sections, the following
conclusions can be drawn:
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1. It was found that errors caused by false raw measured data pro-
cessing can cause a serious inaccuracy in surface roughness analysis.
Even when a precise measuring technique (device) is applied,
received data can be processed erroneously. Accordingly, relying
solely on highly accurate measuring instruments may not guarantee
accurate results if proper data processing techniques are not
implemented.

2. Common methods used in surface roughness analysis, such as spec-
tral characterisation (power spectral density), correlation approach
(autocorrelation function), and direction of surface texture (texture
direction parameter and graph), can be especially helpful in the
detection and reduction of selected (in defined frequencies) mea-
surement errors.

3. Analysing the properties of the autocorrelation function, especially

its shape, can be beneficial in suppressing high-frequency measure-
ment noise. In some cases, the autocorrelation function can be more
effective than other approaches available in commercial software,
like power spectral density. However, it is suggested to use more
than one function in the characterisation of surface properties.
Moreover, it was found that imperfection in the processes of defini-
tion and removal of high-frequency measurement errors when a
power spectral density function is applied can be reduced when
comprehensive studies of the autocorrelation function are
conducted.

4. Advanced studies of the shape of the autocorrelation function can be

supported by the thresholding technique. This method can be applied
to both raw measured data and autocorrelation functions. In both
cases, the accuracy of error reduction can be significantly improved.

5. The selection of the cut-off value in the process of high-frequency

measurement error reduction must be supported by the characteri-
sation of the data removed, defined as noisy data or noise surface.
Required properties of the noise surface can be validated more pre-
cisely when the studies are supported by all of the functions appro-
priately. It was found that noise surface removing the high-frequency
measurement errors should consist of only the frequencies of the
errors domain.

6. Based on the presented findings, a cut-off equal to 0.010 mm seems

to generate the smallest errors in noise-sensitive parameters, result-
ing in non-noise features that are located closest to the high-
frequency domains and that are characterised by the power spec-
tral (PSD) analysis. Moreover, employing the method based on the
shape of the autocorrelation function, especially when focusing on
the central portion, reveals that the value of the autocorrelation
function experiences a more rapid escalation with the utilization of
the robust Gaussian filter as compared to the fast Fourier transform
and other investigated methods.

7. For the analysis of each type of surface topography, the areal char-

acteristics must be sustained with the profile. It is suggested to use
both types of surface roughness studies, including the application of
presented functions, simultaneously. In some cases, the areal char-
acterisation of measurement errors did not allow for the definition of
the presence of noise appropriately. In such cases, it is suggested to
conduct studies on selected profiles with an appropriate extraction
process direction.

8. When considering the areal autocorrelation function, some im-

provements in the detection of high-frequency errors are received
when a centre-part (middle) profile is extracted. The process of
extraction of the centre profile of the areal autocorrelation function
calculated for surface data can be improved with the characterisation
of the shape of the function. In this case, the precision in high-
frequency noise detection is improved significantly.

9. Finally, all of the commonly used, available in commercial software,

filters, can be applied for reducing the influence of high-frequency
measurement noise by supporting them with the autocorrelation
function characterisation. However, the reduction of errors in data
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filtering requires an appropriate procedure, as proposed in this
paper.
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