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Abstract 
The digital industrialization is revitalizing the way that manufactured products are conceived. The opportunity of several prevailing 
technologies allows products’ digital modelling, and enhanced productivity, with cost-efficient solutions. Even so, corresponding 
effective metrology methods are urgently needed to preserve the manufacturing digitalization whole perspective. 
In this background, an alternative assessment of optical surface topography measurements was demonstrated on micrographs’ 
spatial frequency content. Specifically, the power spectral density (PSD) was used for the evaluation of Sq and Sdq areal roughness 
parameters in a dedicated software developed in Matlab®. Initially, the dedicated software was validated against a commercial 
software. Afterwards, the calculation of Sq and Sdq parameters, as they are defined in the ISO 25178-2, was compared with the 
evaluation of the same parameters by the PSD. The results showed a broad agreement. It was found that differences were mostly 
due to the presence of noise. The evaluation of Sq and Sdq by the PSD is, in fact, less sensitive to noise. This was found above all for 
the Sdq parameter, where the approximation of the gradient in the conventional numerical evaluation can possibly enhance the 
influence of the noise. The PSD evaluation of Sq and Sdq was also proven more robust against different magnifications (namely 
different fields of view and pixel widths), retaining for the most unbiased statistical information for both 50× and 100× lens objectives. 
Thus, the PSD, and in general the frequency content of optical measurements, can be useful for the prediction of surface topographies 
based on digital modelling of measured data. It can be a manageable format of the acquired surfaces, less sensitive to noise and 
defects, to assist the digitalization of manufacturing. 
 
 
Surface texture, Roughness Parameters, Power Spectral Density, Power Spectrum, Sq, Sdq 

 
1. Introduction 

Metrology for manufacturing is experiencing a shortage of 
adequate solutions to tackle the present revolutionary scenario 
in the manufacturing industry [1]. The fabrication of complex 
and advanced products requires novel metrology methods 
especially to assess the freeform structuring of manufactured 
components’ surfaces and volumes [2–4]. 

Science and technology advances have made available new 
digital tools that are widely used in several fields of engineering. 
The digital twin is the concepts that mostly gained popularity [5]. 
The creation of a digital twin model from measured data can be 
an actual approach for dealing with the quality of complex 
products in manufacturing metrology. Nonetheless, such 
innovative modelling requires to be explored and harmonized 
with the existing techniques. The presented work investigated 
the topography modelling in the frequency domain, focusing on 
the extraction of Sq and Sdq roughness parameters, while 
dealing with the presence of noise. Noise and disturbances in 
general are nearly ubiquitous, affecting optical measurements 
above all at smaller scales. Thus, in the view of a fully digital 
system—i.e. without human intervention—the disturbance 
recognition is of central importance for an automated 
management of the measurements. 

2. Methodology 
The investigation initially compared the evaluation of the 

topographic noise among three different procedures, namely 
the measurement noise, the surface topography repeatability 
(STR), and the Allan deviation—mostly known as Allan variance. 

The measurement noise of optical instruments is defined in the 
ISO 25178-600 [6], while indications for its calculation are 
elsewhere [7].The STR is the equivalent of the standard 
deviation applied to a whole surface map of height values (pixel 
values) acquired by an optical instrument [8]. The STR is also 
equal to the measurement noise when evaluated on very 
smooth surfaces, while its value changes (normally increases) 
with different topographies.The Allan variance is a cluster 
analysis method, and recommended for correlated and auto-
correlated measurements [9]. 

The different algorithms were applied to sequences of 
repeated acquisitions pixelwise, i.e. considering corresponding 
pixel values in the micrographs acquired by optical instruments. 
Thus, the results were extracted and compared to choose the 
most suitable indicator of the presence of noise in the measured 
topographies. The measurement noise was also considered 
combined with the residual flatness [6, 7]. In fact, they exist 
together as an amount to be overcome for having an actual 
detection of a surface topography. 

Subsequently, the evaluation of Sq and Sdq parameters by 
power spectra was compared with the commercial software 
MountainsLab® (M-Lab) [10], and with an independent 
MATLAB® [11] implementation in agreement with the 
definitions in ISO 25178-2 [12]. 

Eventually, the frequency-domain calculation of Sq and Sdq 
was applied to two acquired sequences affected by 
disturbances, where respectively one and two micrographs 
produced outliers when averaging the pixel values. 
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2.1. Allan variance definition 

A sequence of micrographs, as it is imaged by an optical 
instrument, is a non-stationary sequence, where the topography 
considered is a limited bandwidth of primary texture 
superimposed to the form of a limited area [13]. In addition, 
micrographs and pixel values are correlated. Therefore, the 
noise content of a sequence of micrographs is suitable to be 
detected by the Allan variance and deviation [14]. 

A sequence of N acquisitions was split in 𝑀𝑀 = �𝑁𝑁 𝑚𝑚� � clusters, 
with 𝑚𝑚 = �1,2,⋯ , �𝑁𝑁 2� �� [15]. Considering an average in each 

cluster 𝑤𝑤�𝑘𝑘(𝑚𝑚) = 1
𝑚𝑚
∑ 𝑤𝑤(𝑘𝑘−1)×𝑚𝑚+𝑖𝑖
𝑚𝑚
𝑖𝑖=1  (𝑘𝑘 = 𝑚𝑚), the Allan 

variance was evaluated as the sequence 

𝜎𝜎𝑚𝑚2 = 1
2(𝑀𝑀−1)

∑ �𝑤𝑤�(𝑘𝑘+1)(𝑚𝑚) −𝑤𝑤�𝑘𝑘(𝑚𝑚)�2𝑀𝑀−1
𝑘𝑘=1   (1) 

The Allan deviation was analyzed as batch implementation, i.e. 
summing pixelwise the Allan variance contributors in the cluster 
sequence and afterwards computing the square root. Having the 
Allan deviation the same dimensions of a micrograph, it was also 
averaged among the pixels to obtain a value ua  that could be 
compared with the other quantities. 
2.2. Spectral evaluation of Sq and Sdq 

The 2D spatial Power Spectral Density (or power spectrum—
PSD) was evaluated from the Fast Fourier Transform (FFT) ℎ𝑞𝑞𝑥𝑥,𝑞𝑞𝑦𝑦  
of a micrograph with dimensions (Lx  × Ly) as 

𝐶𝐶𝑞𝑞𝑥𝑥,𝑞𝑞𝑦𝑦
2𝐷𝐷 = 𝐴𝐴−1 �ℎ𝑞𝑞𝑥𝑥,𝑞𝑞𝑦𝑦�

2
   (2) 

where A is the micrograph definition area, 𝑞𝑞𝑥𝑥 = 2𝜋𝜋
𝐿𝐿𝑥𝑥�  and 𝑞𝑞𝑦𝑦 =

2𝜋𝜋
𝐿𝐿𝑦𝑦�  are the wavevectors, and the FFT was calculated using the 

Welch window. Thus, the roughness parameters were estimated 
as [16, 17]: 

𝑆𝑆𝑞𝑞−𝑃𝑃𝑃𝑃𝑃𝑃2 = 𝐴𝐴−1 ∑𝐶𝐶𝑞𝑞𝑥𝑥,𝑞𝑞𝑦𝑦
2𝐷𝐷    (3) 

𝑆𝑆𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃𝑃𝑃2 = 𝐴𝐴−1 ∑�𝑞𝑞𝑥𝑥2 + 𝑞𝑞𝑦𝑦2�𝐶𝐶𝑞𝑞𝑥𝑥,𝑞𝑞𝑦𝑦
2𝐷𝐷   (4) 

3. Results 
The main results are reported in the following tables. In some 

cases, the values in the tables are shown with more significant 
figures than what would have been required. This was done to 
allow an exhaustive numerical comparison of the different 
methods considered. The instruments used and their 
specifications are as follows: 
• Zygo Nexview: coherent scanning interferometry (CSI); 
lens objectives—l.o.—20× (pixel size—p.s.—
0.41 µm × 0.41 µm) and 50× (p.s. 0.16 µm × 0.16 µm—
1024 × 1024 pixels for both lens objectives). 
• Mahr MahrSurf: chromatic confocal (CC); l.o. 20× (p.s. 
0.67 µm × 0.67 µm) and 50× (p.s. 0.27 µm × 0.27 µm—
1198 × 1198 pixels for both lens objectives). 
• Olympus Lext 4100: laser scanning confocal (LSC); l.o. 20× 
(p.s. 0.16 µm × 0.16 µm), 50× (p.s. 0.06 µm × 0.06 µm) and 
100× (p.s. 0.03 µm × 0.03 µm—4096 × 4096 pixels for all lens 
objectives). 
All the measurements were re-used micrographs from past 

projects, available in sets of twenty repeated measurements 
(unless indicated otherwise). They were all processed 
subtracting their least square plane, without applying any 
filtering. In this preliminary investigation and according to 
availability, the use of heterogeneous micrographs was 
intentional and as follows: 1) Different instruments measuring 
smooth surfaces for the noise qualification. 2) One instrument 
measuring different surfaces for Sq and Sdq qualification. 
3.1. Noise qualification 

The noise estimates are reported in the Tables 1–2. The 
measurement noise was evaluated by the “averaging method” 
[7] on a set of twenty repeated micrographs acquired at the 

same position of an optical-grade smooth surface (flat reference 
surface). The STR was evaluated on the same set. The residual 
flatness was instead evaluated on a set of twenty repeated 
micrographs acquired at different positions of the same flat 
reference surface [7]. Eventually, the averaged Allan deviation 
was evaluated on both sets of micrographs. 
3.2. Sq and Sdq qualification 

The surfaces adopted for the parameters qualification were: 
1) Rubert standard 502 with irregular profile—type PRO in ISO 
25178-70 [18]—and nominal Ra = 30 nm. 2) Rubert standard 
529 with periodic sinusoidal shape (period 10 µm)—type PPS in 
ISO 25178-70 [18]—and nominal Ra = 100 nm. The micrographs 
were acquired by CSI (both 20× and 50× lens objectives). In 
addition to the standard deviation, both the median and the 
average were calculated. Disagreement between average and 
median, in fact, indicates the presents of possible outliers. 
Hence, the parameters calculation was performed by the 
commercial software, and in MATLAB according to the 
definitions in ISO 25178-2 and by (2)–(4). The results are in the 
Tables 3–10. 
Table 1. Measurement noise, STR, residual flatness and averaged Allan 
deviation for CSI and CC using a 20× lens objective. 

20× lens objective CSI CC 
Noise (averaging) uN /nm 0.3 1.3 
STR uSTR /nm 0.2 1.3 
Residual flatness uF /nm 0.4 4.1 
Noise + res. Flat. uNF /nm 0.5 4.3 

Allan dev. Noise set ua  /nm 0.4 2.4 
Flat. Set ua  /nm 0.5 4.0 

Table 2. Measurement noise, STR, residual flatness and averaged Allan 
deviation for LSC and CC using a 50× lens objective. 

50× lens objective LSC CC 
Noise (averaging) uN /nm 2.3 0.9 
STR uSTR /nm 2.2 0.9 
Residual flatness uF /nm 7.3 2.9 
Noise + res. Flat. uNF /nm 7.7 3.0 

Allan dev. Noise set ua  /nm 3.3 2.4 
Flat. Set ua  /nm 7.5 3.7 

Table 3. Sq calculation on Rubert 502: Median, average, standard 
deviation (20× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 502—Sq, 20× M-Lab MATLAB PSD 
Median SqM  /nm 39.37 39.37 38.18 
Average Sqm  /nm 39.36 39.36 38.17 
St. Dev. sSqm  /nm 0.04 0.04 0.05 
STR uSTR /nm 1.2 
Allan dev. ua  /nm 0.7 

Table 4. Sq calculation on Rubert 529: Median, average, standard 
deviation (20× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 529—Sq, 20× M-Lab MATLAB PSD 
Median SqM  /nm 128.45 128.41 121.77 
Average Sqm  /nm 128.52 128.51 121.74 
St. Dev. sSqm  /nm 0.78 0.78 0.30 
STR uSTR /nm 22.9 
Allan dev. ua  /nm 11.5 

Table 5. Sdq calculation on Rubert 502: Median, average, standard 
deviation (20× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 502—Sdq, 20× M-Lab MATLAB PSD 
Median SdqM  /1 0.0387 0.0388 0.0340 
Average Sdqm  /1 0.0386 0.0390 0.0340 
St. Dev. sSdqm  /1 0.0001 0.0003 <0.0001 
STR uSTR /nm 1.2 
Allan dev. ua  /nm 0.7 
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Table 6. Sdq calculation on Rubert 529: Median, average, standard 
deviation (20× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 529—Sdq, 20× M-Lab MATLAB PSD 
Median SdqM  /1 0.1785 0.1920 0.1428 
Average Sdqm  /1 0.1791 0.1919 0.1436 
St. Dev. sSdqm  /1 0.0031 0.0020 0.0023 
STR uSTR /nm 22.9 
Allan dev. ua  /nm 11.5 

Table 7. Sq calculation on Rubert 502: Median, average, standard 
deviation (50× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 502—Sq, 50× M-Lab MATLAB PSD 
Median SqM  /nm 41.92 41.92 40.67 
Average Sqm  /nm 41.92 41.92 40.67 
St. Dev. sSqm  /nm 0.05 0.05 0.05 
STR uSTR /nm 0.8 
Allan dev. ua  /nm 1.2 

Table 8. Sq calculation on Rubert 529: Median, average, standard 
deviation (50× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 529—Sq, 50× M-Lab MATLAB PSD 
Median SqM  /nm 118.50 118.52 118.39 
Average Sqm  /nm 118.53 118.52 118.39 
St. Dev. sSqm  /nm 0.05 0.05 0.05 
STR uSTR /nm 1.4 
Allan dev. ua  /nm 0.8 

Table 9. Sdq calculation on Rubert 502: Median, average, standard 
deviation (50× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs.  

Rubert 502—Sdq, 50× M-Lab MATLAB PSD 
Median SdqM  /1 0.0538 0.0542 0.0507 
Average Sdqm  /1 0.0538 0.0542 0.0507 
St. Dev. sSdqm  /1 0.0001 0.0001 0.0001 
STR uSTR /nm 0.8 
Allan dev. ua  /nm 1.2 

Table 10. Sdq calculation on Rubert 529: Median, average, standard 
deviation (50× lens objective). The reported STR and averaged Allan 
deviation are related to the whole set of micrographs. 

Rubert 529—Sdq, 50× M-Lab MATLAB PSD 
Median SdqM  /1 0.0986 0.0984 0.0909 
Average Sdqm  /1 0.0987 0.0984 0.0909 
St. Dev. sSdqm  /1 0.0006 0.0003 0.0006 
STR uSTR /nm 1.4 
Allan dev. ua  /nm 0.8 

3.3. Surface analysis 
The measurements analyzed were acquired on a steel 

component (A1), polished by diamond buff (grade 15) and 
surface finish with nominal Ra in the interval 50–76 nm. The 
micrographs were measured by LSC. They were five repeated 
acquisitions by 50× lens objectives and fifteen by 100×, both in 
the same position on A1. 

The high values of the Allan deviations highlight the presence 
of noise. In the case of 50× measurements, in fact, the 
disturbances led to one outlier micrograph, with abnormal Sq 
and Sdq values. Two were instead the outlier micrographs for 
the 100× measurements. The outlier micrographs are in the 
Figures 1–2, represented in the frequency domain and 
compared with the average of the respective sets of 
measurements. To simplify the visual inspection, the 2D PSD is 
pictured in the figures as split in two one-sided 1D PSD. In 
addition, the pixelwise average of the 100× set of measurements 
is shown in Figure 3, while in Figure 4 there is the corresponding 
Allan deviation. It indicates the average distribution of the noise 
in the overall sequence of acquired micrographs. Eventually, the 

results are summarized in the Tables 11–14 for the three 
software implementations. 

 
Figure 1. Average PSD of the steel component 50× set of measurements, 
split along the x- and y-axes (solid lines) and compared with the PSD of 
the outlier micrograph (dashed lines). 

 
Figure 2. Average PSD of the steel component 100× set of 
measurements, split along the x- and y-axes (solid lines) and compared 
with the PSD of the outlier micrographs (dashed and dotted lines). 

 
Figure 3. Pixelwise average of the steel component 100× set of 
measurements. 

 
Figure 4. Batch implementation of the Allan deviation of the steel 
component 100× set of measurements. 

Table 11. Sq calculation on A1: Median, average, standard deviation (50× 
lens objective) evaluated on 5 repeated measurements. The averaged 
Allan deviation quantifies the noise, including one outlier micrograph 
(M-Lab average without outlier Sq = (49 ± sm) nm, sm  < 1 nm; PSD 
average without oulier Sq = (45 ± sm) nm, sm  < 1 nm). 

 

A1—Sq, 50× M-Lab MATLAB PSD 
Median SqM  /nm 50 50 45 
Average Sqm  /nm 96 96 59 
St. Dev. sSqm  /nm 105 105 32 
Allan dev. ua  /nm 93 
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Table 12. Sdq calculation on A1: Median, average, standard deviation 
(50× lens objective) evaluated on 5 repeated measurements. The 
averaged Allan deviation quantifies the noise, including one outlier 
micrograph (M-Lab average without outlier Sdq = 0.152 ± 0.001; PSD 
average without outlier Sdq = 0.090 ± 0.001). 

 

A1—Sdq, 50× M-Lab MATLAB PSD 
Median SdqM  /1 0.152 0.154 0.090 
Average Sdqm  /1 0.344 0.327 0.118 
St. Dev. sSdqm  /1 0.428 0.388 0.064 
Allan dev. ua  /nm 93 

Table 13. Sq calculation on A1: Median, average, standard deviation 
(100× lens objective) evaluated on 15 repeated measurements. The 
averaged Allan deviation quantifies the noise, including two outliers 
micrographs (M-Lab average without outliers Sq = (50 ± 1) nm; PSD 
average without outliers Sq = (45 ± sm) nm, sm  < 1 nm). 

 

A1—Sq, 100× M-Lab MATLAB PSD 
Median SqM  /nm 50 50 45 
Average Sqm  /nm 51 51 47 
St. Dev. sSqm  /nm 3 3 6 
Allan dev. ua  /nm 40 

Table 14. Sdq calculation on A1: Median, average, standard deviation 
(100× lens objective) evaluated on 15 repeated measurements. The 
averaged Allan deviation quantifies the noise, including two outliers 
micrographs (M-Lab average without outliers Sdq = 0.185 ± 0.004; PSD 
average without outliers Sdq = 0.103 ± 0.002). 

 

A1—Sdq, 100× M-Lab MATLAB PSD 
Median SdqM  /1 0.185 0.185 0.103 
Average Sdqm  /1 0.176 0.177 0.098 
St. Dev. sSdqm  /1 0.024 0.024 0.014 
Allan dev. ua  /nm 40 

4. Discussion 
It can be seen from the Tables 1–2 that averaging method and 

STR are equivalent for the evaluation of the measurement noise. 
Moreover, the combined contributors of noise and residual 
flatness are equivalent to the averaged Allan deviation when this 
is evaluated on the residual flatness set of measurements. From 
Tables 3–10 it can also be seen that STR and averaged Allan 
deviation have similar trend when evaluated on measurements 
from surfaces other than flat references. In details, the STR 
evaluates the variability of an acquired sequence, and both its 
matrix implementation and the averaged version are suitable 
contributors in an uncertainty budget. Even so, STR cannot 
locate the presence of the disturbances on a micrograph. On the 
contrary the Allan deviation is sensitive locally to disturbances, 
while it tends to small values if no significant effects are 
detected in the micrographs. Therefore, the Allan deviation was 
chosen as indicator of the amount of disturbances in the last part 
of the investigation. 

The calculation of Sq and Sdq parameters is in large agreement 
among the three different evaluations (see Tables 3–10). 
Differences can be noticed for Sdq parameter, which tends to be 
lower for the PSD values. This is enhanced by the presence of 
noise (see Table 6). In such case, differences of Sdq arise also 
between M-Lab and Matlab values, possibly due to different 
approximations of the gradient in the numerical evaluation, and 
also to different influence of the noise in the least square 
calculation of the levelling plane. To conclude, the PSD 
evaluation is more robust in the presence of strong disturbances 
(see Tables 11–14). This is especially true for Sdq, which also has 
much lower standard deviation than the regular evaluation. 

5. Conclusions 
This preliminary investigation has evidenced a robust 

agreement between the surface assessment according to the 
areal method and the one in the frequency domain. Most 
importantly, the evaluation in the frequency domain maintains 

the measurements statistical content and appears more robust 
because connected with the form of the spectrum and not much 
with the pixels distribution and/or their number. Moreover, the 
micrographs assessment in the presence of noise often requires 
visual inspections, heavy filtering and manual processing. The 
Allan variance can be useful to locally detect and eliminate 
disturbances. Thus, this certainly opens to the possibility of a 
fully automated management of surfaces acquisition and 
processing. Nevertheless, more work is needed for a systematic 
generalization of the presented results and of their applicability. 
The analysis of factors like the influence of the FFT window on 
the PSD parameters calculation and the integration of an 
uncertainty budget are important insights for future work. 
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