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Abstract

Surface technology is essential to engineer surface properties by topologically optimised design or machining and finishing treatments. Optical
surface topography measuring instruments represent state-of-the-art solution to characterise technological surfaces. Topographies measured by
optical instruments are affected by errors (non-measured points and spikes), due to complex interactions between the measurand (the topography)
and the instrument, liable of poor measurement quality and biasing characterisation. The literature proposes several approaches to manage
measurement errors basing on empirical approaches (thresholding, interpolation) and machine learning modelling. This work compares the

methods performances applied to industrially relevant case studies (highly polished and native additive manufacturing surfaces).
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1. Introduction

Surface topography is the boundary of a component that
separates it from the surrounding environment and through
which all interaction between the component and the
surroundings take place [1-3]. Surface technology consists in
modifying technological surfaces to obtain a modification and
control of their properties [4,5]. Several properties can be
controlled by coating [6], mechanical processes and energy-
based process, e.g. laser ablation, to achieve a micro-texturing
by moving or removing material [7]. The numerous surface
modification technologies are relevant in several fields, such as
optics, biomedical engineering, mechanical engineering. In
fact, a wide range of properties can be engineered by well-
established relationship between surface topography and
surface functionality. Amongst the other, optical properties,
absorption and adsorption properties, essential in biological
application, technological mechanical, hydrodynamical and

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

tribological properties, e.g. friction resistance, stiction, and
physical properties, e.g. wetting and adhesion [7].

Similarly, not only final product characteristics but also
manufacturing and finishing processes can be studied and
optimized on the basis of resulting surface topography, for this
bears a uniquely defined manufacturing signature characteristic
of the process [8]. This concept has found an extensive
application in literature to study high precision processes, e.g.,
hard metals and cermet finishing [9], micro-injection molding
[10,11], innovative manufacturing processes, e.g. additive
manufacturing [12,13], as well as to address complex
interaction of mechanical application, e.g., for tribology [14—
17] and machining [18,19].

Therefore, the measurement of surface topography is
necessary to enable these applications. This can be achieved by
surface topography measurement instruments [2,20]. Several
alternatives are available, ranging from contact probe [21],
optical probes [22,23] to several working principles of actual
topographical microscopes [2,20]. Although the former class is
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traditionally and still largely adopted in industry, its
representativeness, time-cost and metrological performances,
in terms of accuracy and precision, is significantly worse than
those of topographical microscopes.

Surface topography measuring microscopes are the state-of-
the-art to measure and characterize surfaces. These rely on
several working principles. Amongst the most extensively
adopted, we can find coherence scanning interferometry (CSI),
confocal microscopy (CM) and focus variation (FV). Indeed,
they all come with related strengths and weaknesses and none
can be considered as the absolute best option when considering
metrological performances and measurement efficiency [24].
These can be typically estimated by metrological characteristics
[25], the amount of measurement errors and the measurement
time, respectively.

CSI typically presents the best resolution and measurement
reproducibility, respectively in the order of 0.1 nm and 1 nm
[26]. It provides best performances on highly polished,
reflective surfaces, it can measure transparent and translucent
materials, but measurements are typically affected by
measurement errors when highly rough surfaces are targeted
and despite measurement approaches can be devised and
deployed to partially overcome the issue, these typically result
in extremely long measurement time [27].

FV presents worse resolution and measurement noise than
CS], i.e., 10 nm and 50 nm. Best performances are obtained in
measuring rough surfaces and shape, typically by very fast
measurements. Conversely, high reflective surfaces and very
low roughness induce several errors [28].

CM shows intermediate performances of resolution and
reproducibility, i.e., | nm and 10 nm, respectively. Similarly, to
CSI best performances are obtained on polished and smooth
surfaces. However, the contemporary presence of low
roughness, i.e. little light scatter and the presence of a
significative shape, mostly high slopes, on the topography
greatly limits performances, despite the possibility of large
numerical aperture [2].

As any other measurement, surface topography
measurement instruments may be affected by measurement
errors. These are the result of complex interaction between the
measurement system and the physical surface of the measurand.
They can be sourced by random factors, most typically
environmental noise, electromagnetic noise, and systematic
factor, e.g., light scatter, drift, optical path limitation due to, for
example, the objective numerical aperture, and system working
principle, as detailed above, in the worst working condition
[24,29-31].

Measurement errors, in the most common cases, result in
two categories of errors: non-measured points, or voids, and
spikes [30,32]. These significantly affect the subsequent
characterization of surfaces, performed by evaluating surface
topography parameters, e.g. Sa, Sq, Sdq, etc [30-32]. Therefore,
the identification and correction, i.e., the management, of
measurement errors is crucial to obtain unbiased surface
characterization. Several approaches have been proposed in the
literature. However, the comparison of their performances has
not been addressed, if not sparsely.

This work aims at comparing the performances of the
available management methods by considering state-of-the-art

surface topography measuring instrument in challenging
working condition, which is unreported in literature. Section 2
presents the methodology, first summarizing the available
management method and then describing the experimental
procedure. Section 3 presents and discusses the obtained
results. Section 4 finally draws the conclusions.

2. Methodology

This section first discusses the methods for identification
and correction of measurement errors that are available in
literature and here considered, then describes the experimental
setup exploited in this work, and last addressed the
methodology to compare the mentioned methods. In general
the output of a topographical measurement is a micrography,
consisting of z(x,y), i.e., vertical deviation z of the measured
surface with respect to a reference plane discretized, at a certain
lateral resolution equal to the pixel size, in a (x,y) grid.

2.1. State-of-the-art measurement error management methods

Three main alternative spike identification methods are
available: Sq-thresholding, median filtering and gaussian
process regression [30,33]. Typically, literature and state-of-
the-art measurement management software [30,33,34]
proposes first to identify spikes, for non-measured points are
inherently identified, and then set them as voids. Indeed, the
Sq-thresholding does not set identified spikes to non-measured
points. Subsequently, voids are filled in exploiting median
filtering or gaussian process regression, most typically
[30,33,34].

2.1.1. Sq thresholding

This is a statistical method assuming spikes as outliers of the
micrography. In particular, the method states that a measured
point z is a spike if z € [Sa — 35q, Sa + 35q], and its height is
reduced accordingly to the limit of the interval. This approach,
although resembling outlier detection method and relying on
rule of thumb and experience, may induce a biased
identification of the spikes and often require operators to tailor
the threshold to suit best the application [30,33].

2.1.2. Median filtering

Median filtering applies a median-based filter to the
micrographs and detects the spikes as the outliers of the
residuals. Although several filters are available, e.g., gaussian
and modifications, spline, erosions filters, etc., median is the
most commonly adopted and implemented in software
packages thanks to its inherent robustness to extreme values,
upon definition of the filter [34]. The main drawback in
(median) filtering is the liability of removing spatially relevant
scales from the topography or apply an unwanted denoising
[33]. Voids management is performed by replacing the non-
measured point with the theoretical value that the median filter
assumes in the missing measurement.

2.1.3. Gaussian Process Regression
Gaussian process regression (GPR) is a supervised machine
learning technique recently proposed to manage measurement
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errors [30]. The procedure is exactly the same as median
filtering, i.e., spikes are identified as outliers on the residuals
and, once set to non-measured points, all the voids are replaced
by the GPR model predicted response. The procedure offers
several advantages. Firstly, by means of a kernel, it caters for
spatial correlation that is possibly present in the measured
surface, which is often sourced by manufacturing signature or
measurement process, i.e., CCD cameras of the sensor.
Secondly, it includes a self-adjusting capability thanks to the
presence in the prediction estimator of weights proportional to
the residuals, so that high accuracy can be achieved [35]. The
procedure assumes a constant model, to generalize the surface
modelling [30], and selects the kernel to minimizes the residual
RMSE by Bayesian optimization [36].

2.2. Measurement set-up

According to the discussion presented in the Section 1, three
most commonly adopted and state-of-the-art surface
topography measuring instruments were considered: a CSI
Zygo NewView 9000, a FV Alicona Infinite Focus Sensor R25,
both hosted at the Mind4Lab at Politecnico di Torino and a CM
Olympus LEXT 4100, hosted at DTU, as shown in Fig. 1. Each
instrument measured a challenging surface for their working
principle and representative of industrially highly relevant case
studies. In particular, the CSI performed a measurement on
surface by electron beam melting (EBM), for this is one of the
most largely adopted additive manufacturing technologies and
present high roughness [13], the FV on a lapped and polished
stainless steel (SS) nano-hardness reference block [37], and the
CM areplica of a 528 Rubert specimen, i.e. a material measure
for the calibration of surface topography measuring
instruments [38]. The 528 replica was achieved by impression
of a silicon-based medium, whose replication fidelity is often a
critical aspect. Measurements were set up according to best
practices to minimize measurement errors, each sample was
measured 10 times in repeatability condition, and only a single
field of view (FOV) was acquired. CSI featured a Mirau 20X
objective, with numerical aperture 0.4, pixel size of
0.429 pm X 0.429 um and FOV of 1000 x 1000 pixels. FV
mounted a long-distance 10X objective, with numerical
aperture 0.28, pixel size of I pm X1 um and FOV of
2040 x 2040 pixels mounted on a Yaskawa cobot, being a
system for freeform surface topography measurement. CM was
equipped with a 50X lens objective, with numerical aperture
0.95, FOV 0f 260 pm X 260 pm with 1024 x 1024 pixels.

2.3. Measurement error method effect comparison

Measured surfaces are characterized independently by
estimating surface topography parameters. No standard
filtering was applied prior the estimation of surface topography
parameters to avoid superimposing the effect of this operation
on the error correction. Levelling is performed by least-square
plane correction prior the evaluation of surface topography
parameters. The evaluated set of surface topography
parameters includes areal height parameters, namely the
average height Sa, the root mean square height Sg, the
skewness Ssk, the kurtosis Sku, and the maximum height Sz,

and the hybrid parameter root mean square gradient of the
height Sdq [39]. Plane correction, Sq-thresholding and median
filtering measurement error correction are performed
exploiting a  commercial  state-of-the-art  software

MountainsLab v8.2 [34]. GPR based measurement error
correction is performed by a self-developed script in Matlab
parameters  are

2021b. Topographical evaluated in

MountainsLab v8.2.

Fig. 1. (a) CSI Zygo NewView 9000; (b) FV Alicona IF SR25 on Yaskawa
cobot; (c) CM Olympus LEXT 4100.

The effect of different measurement error management is
assessed performing an ANOVA with one factor having three
levels, i.e., the measurement error management method, on the
evaluated parameters. Indeed, different instruments, i.e.,
different surfaces, are considered separately. Additionally,
corrected surfaces by the three methods discussed in Section
2.1 are pairwise compared pixel-by-pixel. This allows
comparing the point-wise correction effect. The comparison
consists in performing the difference of the pixels height in
correspondence of the extended set of voids, i.e., the set
containing non-measured points and void pixels set in that
condition after the spikes identification. Per each pair of
compared micrograph, the larger extended set of voids is
considered. The result of the difference is tested for normality
by means of graphical test, i.e., normal probability plot (NPP),
and quantitative chi-squared test [40]. Hypothesis testing on the
difference with null hypothesis of normality is relevant, for
ideal condition would introduce only random errors in the
effect of different measurement errors management methods.

3. Results and Discussion
3.1. CSI measurements of EBM surface

The EBM surface topography presented a typical rough
texture with presence of several hills, dales, and local
discontinuities, as shown in Fig. 2. Several non-measured
points affect the measurement performed by the CSI. No spikes
can be appreciated. Accordingly, only the median and GPR
correction method were applied.

Qualitatively, no differences can be appreciated, as shown
in Fig. 2. Quantitative analysis, performed by paired
hypothesis test on the average of the evaluated parameters, for
it ANOVA cannot be run on one factor with two level design,
shows that, with a risk of error of 5%, the two measurement
error correction methods introduce a systematic difference on
the considered parameters, as shown in the interval plot in Fig.
3. The statistical significance of the methods’ diversity in the
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correction, is confirmed also by the NPP of the corrected points
height, as shown in Fig. 4(a).

Measured topography ®

GPR correction

Median filter correction

Fig. 2. EBM topography measured by CSI. Original topography with only
voids and corrected surfaces: qualitatively no differences can be appreciated.
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3.2. FV measurement of polished surface

Fig. 5 shows the results of the measurement of the stainless-
steel specimen by the FV. Several spikes can be appreciated in
the raw data, due to the high reflectivity of the surface. Also,
some non-measured points (0.1%) were present.

The three considered measurement error correction methods
show, from Fig. 5, a relevant difference in the measured height
range, i.e., Sz. ANOVA demonstrated that the correction
methods introduce a significative difference in the considered
topographical parameters for all the cases, but for Sp, i.e., the
deepest peak, with a risk of error of 5%. Interval plot of the
parameters allows a qualitative appreciation of ANOVA
results, and is reported in Fig. 6. It motivates that the higher
dispersion of Sp after the median filter does not allow to see
systematic differences amongst the correction methods.
Consistently with the ANOVA results, also NPPs of the
difference of the corrected points show a trend significantly
different from a normal distribution, as shown in Fig. 4(b).

Sg-thresholding carrectio

Measured topography
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s
55.75- I -
T T 6
GPR Median Filter

Measurement Error correction

Fig. 3. Interval plot of the considered parameters of the EBM topography
measured by the CSI after the voids correction by GPR and median filter.
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Fig. 4. Normal Probability Plot of the point heigh differences of the three
case studies: (a) EBM by CSI, (b) SS by FV and (c) Rubert by CM. Due to
space, only the NPP of the difference of the corrected points of first
topography (per each case study) is shown.

5 ¥ ¥ % 4 & & 8§
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Fig. 5. SS topography measured by FV. Original topography with several
spikes and voids due to high reflectivity. Correction shows relevant impact on

height ranges.

Polished stainless steel topography measured by FV

95% Cl for the Mean

GPR Median Filter Sq+Median

sq ssk sku
12+ A 5 80 I
10- I 3 w -
08 - I
= 5 I o *
s s s
E 40 . a5 z
42 = =
= 0{ =
3.6 I 204
E i
3.0
o b . . -
sa 064 sdq GPR  Median Filter Sq+Median
0:55-|
0.4
0.50-]
045 * = 02 - -

T
GPR

T T
Median Filter Sq+Median

Measurement Error correction

Fig. 6. Interval plot of the considered parameters of the highly polished
stainless steel sample topography measured by the FV after the spikes and

voids correction.
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3.3. CM measurement of reflective and highly-sloped surface

The Rubert specimen replica obtained by impression was
measured by the CM and results are shown in Fig. 7. No voids
were generated, but several spikes affect the topography due to
spurious scatter prompted by the high reflectivity, high average
local slope, i.e., the inherent sinusoidal shape, and the texture,
due to the manufacturing signature.

Qualitatively, Sq-thresholding proved to perform worse
than alternative approaches in correcting the spikes. Also, to
enable application of the thresholding approach, while catering
for the topography shape, the thresholding method was applied
on the topography resulting from the difference between the
average measured micrograph and the considered
measurement.

ANOVA, and related interval plot represented in Fig. 8,
show that, with a risk of error of 5%, the three considered
measurement error correction method introduce significative
difference in all the considered topographical parameters, but
for Ssk.

Accordingly, also the NPPs of the pairwise difference of the
corrected points heights show a trend significantly different
from a normal distribution, for all the possible comparisons.

Measured topography ”Sq-(hreshuldlng correction

GPR correction

Median filter correction

Fig. 7. Rubert specimen replica topography measured by CM. Original
topography with several spikes. Notice poor performances of the thresholding
correction.

Rubert artefact replica topography measured by CM
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Fig. 8. Interval plot of the considered parameters of the Rubert artefact
replica topography measured by the CM after the spikes and voids correction.

3.4. Discussion

As formerly partially reported in literature [30,32], different
available methods to identify and correct measurement errors
of surface topography measurements yield statistically
different corrections, which significantly affect at a different
severe extent the considered set of topographical parameters
regardless of the instrument and the surface.

In particular, Sq-thresholding requires an operator-based
implementation and performs worse in all the considered cases.
In fact, when applied to a flat surface it over corrects spikes,
yielding very small Sz. Conversely, when applied to a non-flat
surface it tends to neglect smaller spikes resulting in
excessively large Sv and Sp. This might seem in contrast with
the previous case, but Sq-thresholding application to non-flat
surface requires the correction to be carried out on the residual
of the average. Correction is performed, and average added
back. This operation cannot identify systematic spikes, thus
resulting in the larger Sz. This is confirmed by the NPPs of Fig.
8(b) and (c) which provide insight on the distribution of the
differences. In all cases, very relevant tails leading to
hyponormal or multimodal distribution are present when the
comparison is with the Sq-thresholding.

Median filtering and interpolation results in a correction less
severe than the thresholding and more similar to GPR.
However, it is liable of filtering relevant length scales, e.g. as
shown by the systematically lower Sdg.

Conversely, GPR, as formerly validated in the literature
[30], is capable of unbiased corrections, and its behavior yields
satisfactory results in all the considered cases.

4. Conclusions

Measurement of surface topography is essential in several
field and to verify the quality of surface technologies apt to
engineer surface properties. Measurement errors, i.e., spikes
and non-measured points, are generated due to critical and
complex interactions between the measurand surface and the
measuring instrument working principle. The literature has
proposed several methods and recipes to manages
measurement errors. This work addressed an unprecedented
comparison of the effect of these methods considering different
instruments and surface topographies. Amongst the several
considered available methods, this work showed that machine
learning based on gaussian process regression provides a
formal, robust, automatic and operator-independent tool to
correct measurement errors with  satisfactory results
independent on the measurement principle and measured
surface topography.
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