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tion are valuable in noise analysis.

» For minimisation of effect of measurement errors
the ‘noise surface’ is defined.

* Profile analysis might be more valuable than areal

In this paper, various type of noise detection procedures with surface topography profile
analysis were proposed, compared (studied) and suggested. The honed cylinder liner surface
textures with additionally burnished oil pockets were measured with a stylus or optical ap-
proaches. Measurement errors, defined as high-frequency measurement noise, were taken
into sufficient consideration. It was proposed to select the noise detection methods more
with profile (2D) than areal (3D) assessments; some-frequency noise was much easier to
observe in profile than surface analysis. Moreover, applications of various type of regular
filtration methods, mostly based on Gaussian functions, were compared with Fast Fourier
Transform filtration for detection or reduction of some (high) frequency-defined measure-

when measurement noise is assessed.
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* Fast Fourier Transform is useful in definition of
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1. Introduction

Measurement and analysis of surface topography (ST) are highly
advantageous in assessments of tribological performance of ‘engi-
neering surfaces’ [17], especially wear resistant [6], lubricant reten-
tion, sealing, friction, material contact in general [25]. ST is created in
the last stage of the machining process; besides, medium-scale com-
ponents of ST, waviness, in particular, arise as a result of imperfection
in the manufacturing process [21].

Detailed information about ST can be obtained by measurements
and analysis of the received raw data. Results in the assessment of
wear behaviour of selected surface textures are fraught with many fac-
tors that can affect the accuracy of the research carried out. In general,
errors in the analysis of ST, dedicated mainly for tribological elements,
can be classified as errors in measuring equipment and environment
[2], the measured object errors, software [30] or measuring method
errors [37]. While considering the measurement uncertainty, it can be
grouped in errors: typical for measuring methods [24], those caused
by digitisation process [23], another received when data processing is
accomplished [26] and other errors [20, 29, 44].

There can arise a few problems in the processing of raw measured
data. Usually, the ST parameters of car engine parts are calculated
after form (errors of shape and waviness) removal [32]. Errors of this
type of data processing can be especially visible when edge-area of
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two-process textures are considered [28]. Improper selection of form
removal procedure can cause classification of properly made parts as
a lack and their rejections [31].

ST measurement equipment is often roughly divided into the sty-
lus and non-contact methods [40]. In defiance of significant devel-
opment of optical techniques, a stylus profilometer is still the most
common roughness measuring device in the mechanical industry [22].
Contrary to stylus (contact, in general) methods which are robust but
slow optical methods are fast but deeply sensitive to external effects.
In general, optical methods require the isolation of instruments from
the external environment, which is a complicated task to be accom-
plished. Therefore, the results of measurement of a rough surface can
be fraught by errors caused by the noise occurrence. The noise has dif-
ferent sources, including those generated internally, and those defined
as external sources received from the environment.

There are many types of noise in surface metrology, e.g. scattering
[43], background [14], measurement/instrument [4], outlier [41], stat-
ic [9] and other noise-like [1] errors. The measurement noise can be
briefly described as the noise added to the output signal [12] occurring
when the normal use of measuring instrument is accomplished. The
effect of noise occurrence was minimised with various methods, e.g.
correlogram correlation [16], by proposals of limitation and match-
ing of bandwidth for various instruments [3], some optimisation ap-
proaches for selected (coherence scanning interferometry) measuring
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methods [7], the frequency de-noising technique based on the wave-
let decompositions [5], Fourier reduction or random phase exclusion
schemes [8], and other plenty methods [27].

Widely used in surface texture characterisation is the Fast Fourier
Transform (FFT) [18]. The FFT technique is likely to play an im-
portant role in the analysis of dry contact of the rough surface [35],
contact assessments in general [19]. For example, the power values
of power spectral density (PSD) for the atomic force microscopy
(AFM) digital data were determined by the FFT algorithms instead of
the root-mean-square (rms) and peak-to-valley value when a surface
morphology of pentacene thin films and their substrates were con-
sidered [15]. Moreover, peak detecting algorithm that combines the
white-light phase-shifting interferometry (WLPSI) method and FFT
coherence-peak-sensing technique was proposed, which could accu-
rately determine the local fringe peak and improve the vertical resolu-
tion of the measurement [39]. Application of this type of algorithm
could effectively reduce the batwing effects at the edges and solve the
problem of positioning error in the maximum modulation.

FFT can also be associated with other filters, e.g. Gaussian [38],
for measurement of surface roughness of optical thin films; the sur-
face profile was obtained by the fringe pattern analysis using the FFT
method. Besides, the asperity radius of curvature and asperity density,
which are generally derived from a rough surface simulation with FFT,
are the two essential parameters for statistical contact model [11]. The
simulated rough surface with desired parameters was widely used as
an input for the numerical simulation of tribological behaviour such
as the asperity contact, lubrication, and wear. Gaussian rough surfaces
with desired autocorrelation function (ACF) and spatial statistical
parameters, including skewness (Ssk) and kurtosis (Sku), was devel-
oped by combining the FFT, translation process theory, and Johnson
translator system [42]. An FFT algorithm can also reduce computa-
tional time in the calculation of universal spline filter. Furthermore,
for practical use, an improved method prior to the FFT algorithm can
be proposed to suppress the end effect [45].

In some cases, the FFT was considered to be one of the essen-
tial tools of digital signal processing for surface profiles filtration
and was compared with the existing methods [33]. Moreover, a fast
white-light interference method for measuring surface depth profiles
at nanometer scales was also provided with FFT appliances. White-
light profilers have relied either on path difference scanning or on
spectral analysis of the reflection from a fixed interferometer. It was
shown that, by performing this spectral analysis with an imaging
Fourier transform spectrometer, the high speed of spectral techniques
might be successfully combined with the simple data interpretation
characteristic of a used scanning method [10]. A two-dimensional
FFT technique was also proposed for accelerating the computation
of scattering characteristics of features on surfaces by using the dis-
crete-dipole approximation; FFT reduced the execution time of data
processing as well [36].

In this paper, the FFT filtration method was proposed for detec-
tion and reduction of high-frequency measurement errors. It was sug-
gested to analyse the ST with the profile (2D) instead of areal (3D)
assessments. A number of profiling techniques have been developed
for measuring the topography of rough surfaces [34]. Nonetheless,
there is still a grave problem with the selection of procedure for detec-
tion of measurement noise. The influence of noise-separation methods
on areal and profile ST analysis was not comprehensively studied in
previous researches as well.

2. Analysed materials, measurement process and ap-
plied methods

In this paper, the honed cylinder liner texture with dimples cre-
ated by the burnishing techniques was taken into account. They were
measured by the stylus instrument, Talyscan 150.The nominal tip ra-
dius was about 2 um, height resolution 10 nm and the measured area

5 mm by 5 mm (1000 x 1000 measured points), sampling interval
was 5 pm.

Detection of noise, especially with high-frequency, from the results
of raw measured data, was performed with FFT application. The FFT
approach was provided for areal (3D) details but in many cases the
results were presented for profiles (2D) only. It was caused by the
more direct (visible) results in profile detection and reduction of the
high-frequency measurement errors by analysis of the PSD and AFC
graphs. For each type of surface texture (whereas topography con-
tains the deep/wide dimple or not), the noise-detection procedure was
modified to provide the best fits.

The effect of ST feature distribution on noise detection and re-
duction was carefully studied. Results were compared with those
received by regular filtering methods, e.g. Gaussian (GF), robust
Gaussian (RGF) or Spline filters (SF). Furthermore, analysis of
the power spectral density and the autocorrelation function graphs
were accomplished. The PSD was defined with no other functions,
e.g. Zoom Factor equal to 1, Loops (number of iterations) also, the
smoothing or windows functions were not provided as well. PSDs
were received by the support of a commercial software. The noise
removal results were also defined as the results of S-operator filter-
ing, described in details previously in surface measurement (ISO)
standards.

3. Results and discussions

3.1. Areal and profile analysis of measurement noise

Considering the measurement errors, especially the high-frequency
measurement noise (HFMN), it is necessary to describe it along with
the associated measurement bandwidth. When HFMN was scrutinised,
the PSD of measured detail has been carefully examined, explicitly
taking into account the existence of the high-frequencies (frequencies
of small scales) on the analysed graph. Moreover, visual detection of
HEFMN of both contour map plots and PSD graphs from the results of
the measurement process was dependent on the width and depth of
the ST features.

It was assumed that the size of dimples (valleys) additionally bur-
nished on the honed cylinder liner texture has a significant impact on
the noise detection process. In Figure 1, contour map plot of cylinder
liner, measured with various velocity (a — 0.2 mm/s and b —1 mm/s),
was presented. It was found that if the width (depth) of the considered
feature was greater than 0.1 mm (0.010 mm) the HFMN detection was
exceedingly difficult or it was infeasible with PSD graph analysis,
and there were no required (high) noise-frequencies on the diagrams.
The occurrence of deep/wide features on the analysed detail made the
visual (eye-view) noise detection enormously complicated.

It was also proposed to compare optical disclosure of HFMN for
detail before (raw measured data) and after form removal. ‘Flat’ sur-
face analysis might give more convincing results than details with
higher amplitude (containing form and waviness) when measurement
noise was detected with visual PSD plot assessment. The form was
eliminated with the application of least-square fitted polynomial plane
of 3" degree enhanced by the valley excluding method. This form
separation approach was investigated and substantially confirmed by
the previous studies, the usefulness of the applied scheme for charac-
terisation of two-process cylinder liner topographies containing (rela-
tively) large dimples was noticeably improved.

When the mentioned PSD diagrams were visually compared
(c and d example against the a and b, from Figure 1), there was no
discrepancy (or they were negligible) between the results obtained.
Consequently, it was reasonably assumed that detection of HFMN by
the analysis of the PSD graph of honed cylinder liner topographies
including oil reservoirs, was not reasonably precise regardless of ar-
eal form removal process was completed or not. Notwithstanding the
previous, the effect of form removal on noise identification (and vice
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versa) was not thoroughly scrutinised; nevertheless, this was not one
of the underlying assumptions of the conducted research.

Similar problems in optical detecting of the noise from the re-
sults of surface texture measurement were obtained with profile (2D)
analysis. In Figure 2, profiles (and respectively their PSD diagrams)
extracted from honed cylinder liner topography, measured with differ-
ent speed, were presented. Differences in measurement results were
mainly (easy) noticeable with visual analysis of profile plots. Never-
theless, the variations on the PSD graphs were trifling or did not exist.
In the considered profile, the valley depth and width were around 30
um and 0.5 mm, respectively.

It was also assumed that when the number (density) of valleys in
2D (3D) analysis increased, the PSD-detection of HFMN became
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utterly impracticable. Subsequently, the process of noise disclosure,
based on the PSD diagram assessment, appeared to be not precisely
stated when honed cylinder liner topographies were studied with val-
ley assays.

The effect of noise amplitude, not analysed in these studies, was
also extraordinarily difficult to determine. In further research, where
defining of error amplitude would be the primary task, the feature
(e.g. valley, dimple) size (and density) and its distribution (consid-
ering as well the distance between each of them) might be of great
importance. Moreover, the noise identification with PSD assessment
was even more complicated that the noise was not visible for each
measurement condition (velocity). Additionally, HFMN was discern-
ible with visual profile analysis in contrast to the PSD graph assays
for each surface texture measurement velocity.
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Fig. 1. Contour map plots and PSDs of cylinder liner texture containing wide dimples, measured by stylus instrument with a velocity equal to 0.2 mm/s (a, ¢) and
1 mm/s (b, d); raw measured data afier levelling process (a, b) and texture after form removal by a polynomial of 3rd degree with valley excluding method

approach (c, d)
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Fig. 2. Profiles and their PSDs respectively, extracted from cylinder liner texture containing one wide dimple, received for stylus measurement with speed equal to

(a) 0.2 mm/s, (b) 0.5 mm/s and (c) 1 mm/s

3.2. The effect of feature (dimple) size on the detection of
high-frequency measurement errors

The impact of feature (dimples, valley) size (width, depth) on de-
tection of HFMN from the results of raw measured data was taken into
consideration; the number (density) of valleys was not studied. It was
assumed that for honed cylinder line textures containing dimples with
a depth greater than 10 pm, the detection of HFMN with PSD analysis
was severely impeded. The smallest valley depth was found the more
accurate PSD-identification of measurement noise was observed. In
Figure 3, three different profiles (containing dimples with various
depth) extracted from honed cylinder liner topography are introduced.
As it was assumed in the previous section, in condition when the val-
ley depth was greater than 10 um, the detection of HFMN with PSD
analysis became unattainable (a, b). However, when the dimple depth
was smaller than the previously specified value, the noise (high) fre-
quencies were found in the PSD diagram (c). This valley-depth value
should be identified for Sq of both the surface and the noise (HFMN
specifically). Despite that, the arbitrarily selected values should not be
decisive; it is suggested to identify the noise occurs in the measure-
ment results by PSD analysis with out-of-deep-feature (out-of-deep-
valley/out-of-deep-dimple to be more precise) characteristics. This
finding can be entirely appropriate if the noise amplitude is relatively

small, concerning the surface height (for both methods — out-of-dim-
ple scheme and approach based on excluding the valleys).

Not only the depth of the surface features affects the PSD-accuracy
of noise detection. It was fount that if the depth of valleys was rela-
tively small (usually smaller than Sq/Rq value of non-dimple detail/
profile), the HFMN was also challenging to be discerned. The direct
impact of dimple width can be clearly designated by the considera-
tion of feature width (A) against the width of out-of-feature detail/
profile (B); the description was appropriately introduced in Figure 4.
Each profile was shortened to reduce the A/B coefficient. The size of
out-of-feature (dimple) profile detail was equal to 0.85 mm, and cor-
respondingly, the width of the valley was decreased from 0.15 mm (a)
to 0.05 mm (c), or its value was negligible (d). Consequently, when
the value of A/B factor decreased, the PSD-identification of HFMN
occurrence increased. In general, when the width of the feature (A)
was smaller than 10% of profile width (A + B), then the noise PSD-
disclosure increased; visual detection of HFMN was facilitated.

3.3. Reduction of noise from the results of surface topogra-
phy measurements
Once the procedure of (high-frequency) noise detection is applied,
the selection of approach for reduction (removal) of measurement er-
rors should be chosen very attentively. The final selection of noise
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reduction procedure has basically the considerable influence on the
calculation (values) of areal surface topography parameters. Properly
accomplished measurement process might not provide desired (ad-
equate) results when the processing of received raw measured data is
not performed competently. The method of reduction of HFMN is, in
addition to the form removal procedure, one of the main factors that
can cause a false estimation of detail properties and its classification
as a lack and rejection.

For reduction of the effect of measurement errors on values of ar-
eal surface texture parameters, the FFT filtering was compared with
commonly-used (mostly available in commercial software of measur-
ing equipment) algorithms. Several approaches for noise reduction is-
sue were proposed separately. Basically, the HFMN can be defined by
analysis of the obtained results with the S-filtering process [13], e.g.
regular Gaussian, spline or FFT methods. In the previous research, it
was found that the procedure of reduction of HFMN can be selected
by assessment of received data from the filtering approach. The re-
sults of S-filtering process can be defined as a noise surface (NS)
or noise profile (NP), in this specific instance, when the 3D or, cor-
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respondingly, 2D measured data were considered. It was also found
that NS (NP) received by the S-operation should be consist of only
the high-frequencies or those (high) frequencies should be described
as an overwhelmingly ‘dominant’ frequencies. Simultaneously, the
frequencies that are required to be removed should be those domi-
nant in the results of noise reduction (filtering as a considered case)
procedure. In general, the more dominant frequencies are those with
high-frequency spectrum the better results of HFMN reduction proc-
ess are received.

From the analysis of PSDs of profiles from honed surface texture
after reduction of HFMN, it was assumed that the most dominating
high-frequency was found for the results obtained after S-filtering by
the FFT method. In Figure 5, profiles and their PSDs were presented
for profiles after various type of filtering approaches. From Gaussian
schemes (GF or RGF), robust filtering caused a greater amplitude of
received NP than the regular filter. When the FFT approach was ap-
plied, the high-frequencies were those ‘dominant’; the amplitude of
those frequencies (on PSD graph) was greater than for profiles after
noise reduction by other methods (GF, RGF and SF). The amplitude
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Fig. 3. Profiles and their PSD graphs correspondingly, extracted from plateau-honed cylinder liner texture measured by stylus method with a velocity equal to 0.6
mm/s; profile with deep (depth equal to 35 um approximately) valley (a), profile with a relatively not-deep (20 um) valley (b) and non-dimple profile (c)
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(maximum height) of received NP was the greatest when RGF was
used. Nonetheless, the amplitude of HFMN (NS) was not considered
in this paper.

Some features located on the ACF graph (Figure 6) occurred in

periodic sentence when commonly available (Gaussian or spline)
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filters were applied. Received frequencies were more ‘periodic’ than
those after noise reduction by the FFT approach. Moreover, the peak
density of ACF also increased when FFT filtering was accomplished
instead of generally used filters. The process of noise reduction in pro-
file analysis can be found by definition and assessment of dominant
frequency. Additionally, when HFMN was considered to be removed
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Fig. 4. Profiles, and their PSD graphs correspondingly, extracted from plateau-honed cylinder liner texture measured by stylus method with a velocity equal to 0.7
mm/s, profile with A-size (width) of dimple equal to 0.15 mm (a), 0.1 mm (b), 0.05 mm (c), and non-dimple profile (d)
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(minimised), the dominant frequency (high- in particular) should not
be found in the received post-processing (after S-operator filtering)
data. The smallest amplitude of dominant (removed) frequency was
established in the received de-noised data the highly advantageous of
the applied algorithm was clearly indicated.

utility of FFT approach; nevertheless, studies can be extended to the
other values depending on the type of surface texture analysed. For
all of the considered cut-off values, the amplitude of dominant (high-)
frequency was maximised (minimised) according to the regular filter,
when the PSDs of received (NP) results were observed (Figure 7).

HFMN was removed by application of various filter with a band-
width equal to 0.015 mm, 0.025 mm and 0.035 mm to improve the
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Fig. 5. NPs and its PSDs correspondingly, measured with speed equal to 0.8 mm/s from plateau-honed cylinder liner texture, and after reduction of HFMN by GF
(a), RGF (b), SF (c) and FFT (d), cut-off = 0.015 mm
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Fig. 6. ACFs of NP, received from measured profile (speed 0.8 mm/s) of honed
surface texture obtained after removal of HFMN by GF (a), RGF (b),
SF (c) and FFT (d) method with cut-off = 0.015 mm

4. Conclusions

The detection and then reduction of high-frequency measurement
noise is a highly demanding task that makes the analysis of surface to-
pography reasonably intuitive. Nonetheless, some applications might
be accepted:

1. For honed cylinder liner textures (plateau-honed in particu-
lar) containing additionally burnished oil-reservoirs (dimple,
valley, wholes in general), the high-frequency measurement
noise was exceedingly difficult to detect for areal analysis
with power spectral or autocorrelation function applications.
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Fig. 7. PSDs of measured profile (speed 0.8 mm/s) from honed surface texture
obtained after removal of HFMN by GF (a), RGF (b), SF (c) and FFT
(d) method with cut-off = 0.035 mm
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The eye view assessment of the occurrence of high-frequency
errors in the results of surface topography measurements was
increasingly complicated when texture contains some deep
features.

smaller than 10% of the profile width, then the precision of
noise disclosure increased.

. It was suggested to determine the high-frequency measure-

ment noise with noise profile analysis, as a results of S-fil-

2. The form (e.g. cylindrical) of analysed detail has no impact tering methods. The properly obtained noise profile should
on the process of ‘power spectral density’ (PSD) detection of contain only the ‘unwanted’ (with high-frequency spectrum)
high-frequency measurement noise. The differences in PSD components. It was suggested that the removed frequency
graphs, calculated for both raw measured data and data after should be this dominant in the received results after the S-fil-
application of the process of areal form removal (e.g. least- tering of noise profile.
square fitted polynomial plane of 3" order improved by valley . When the received noise profile (surface) were considered
excluding method approach), were imperceptible. with autocorrelation function, it was found that properly de-

3. It is suggested to identify the noise in the results of surface fined noise profile (surface) should not contain any periodic
texture measurement by power spectral density analysis of waveforms; the noise profile (surface) should be non-periodic
out-of-feature (deep valleys in particular) details. This might (isotropic), in general.
be entirely justified when the noise amplitude is relatively . For reduction of high-frequency noise from the results of
small, according to the surface amplitude (height). Moreover, measurement of surface topography, the fast Fourier transform
when the number (density) of valleys in profile (areal) analy- (FFT) was proposed. When compared with commonly-used
sis increased, the detection of high-frequency measurement procedures (e.g. various Gaussian or spline filters) with vari-
noise, with the analysis of power spectral density graphs, ap- ous cut-off values (e.g. 0.015 mm, 0.025 mm, 0.035 mm), the
peared to be infeasible. amplitude of dominant (required high-) frequency was max-

4. The feature (dimple) size has a considerable influence on imised.
the accuracy of the noise detection procedure. As it was as- . Itis recommended to select the noise reduction procedure with
sumed, when the depth of valley was greater than 10 pm (usu- multivariate analysis, combining the profile (areal) eye view
ally when Sq of the non-dimple area was smaller than 10% of (of contour map/profile plots) analysis with assessments of the
the Sq value calculated for all measured detail — containing graphs of power spectral densities and autocorrelation func-
dimples), the detection of high-frequency measurement errors tions.

(with power spectral density analysis certainly) became unob-
tainable. In addition, when the width of the feature was also
Acknowledgements
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