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The effect of vertical resolution on measurement errors
of machined surfaces topography

Wptyw rozdzielczosci pionowej na btedy pomiaru

PAWEL PAWLUS
RAFAL REIZER
DOMINIK CZACH *

The effect of the quantization error on values of surface to-
pography parameters was examined. Surface topography
was measured using an optical profilometer of 0.01 nm verti-
cal resolution. Twenty isotropic and anisotropic, one- and
two-process, random and deterministic surfaces were ob-
jects of investigations. The vertical resolution was changed
using TalyMap software. Tendencies of changes of three
surfaces due to quantization errors were analyzed in details.
Parameters of the highest and the smallest sensitivity on
errors were selected.

KEYWORDS: surface topography, vertical resolution, quanti-
zation error

In modern technology, measuring the geometric surface
structure (GSS) is very important [1]. The measurements of
surface stereometry, which are very sensitive to errors, are
of particular importance [2]. Errors in measuring the
geometric structure of the surface can be divided into:
instrumental errors, method errors, measurement errors,
human factor, sample errors, environmental errors and
errors in data processing [3]. The assessment of the
reliability of surface topography measurements is the
subject of many studies [4-7].

The method of representing the instantaneous values of
an analog signal by numbers is called quantization. The
quantization error is the difference between the analog
value and the nearest quantization level. The vertical
resolution of the digital instrument for surface roughness
measurements, i.e. the smallest value that the instrument
can display, depends on the measuring range and accuracy
of the analog-digital converter. The uncertainty of the
instrument should be minimized and the resolution should
be increased by selecting the smallest measurement range -
if the device has more than one range.

Quantization errors most affect the parameters
associated with summits [8]. The number of quantization
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levels should be as much as possible - the only limitation is
the economic aspects. The minimum number of quantization
levels should be 100. With an eight-bit transducer, only 50
quantization levels will occur for a signal with a normal
ordinate distribution. This may lead to the disregard of some
summits [9].

Thomas [10] recommends using transducers not worse
than 10 and 12 bit. When measuring smooth surfaces, e.g.
after polishing, quantization errors may occur, even if
modern laboratory instruments are used.

This article analyzes the impact of vertical resolution on
errors in the topography measurement of machined
surfaces.

Research objects

Measurements of surface stereometry were made using
a white light interferometer with a vertical resolution of 0.01
nm. The measured surface area was 3.29 mm x 3.29 mm.
Flat surfaces after measurements were leveled, and in the
case of the others the second degree polynomial was used
to remove the shape. Individual summits (spikes) and
depressions were removed, cutting off the apical parts and
depressions. The subject of the research were isotropic and
anisotropic surfaces, one- and two-process, random and
periodic.

Vertical resolution was changed using the TalyMap
program. Parameters included in ISO 25178 [11] were
analyzed.

Three surfaces were analyzed in more detail.

Research results and their analysis

The surface P; is the surface of the cylinder after plateau
honing. Tab. | presents values of its stereometry parameters
for different vertical resolution. Relative quantization errors
are also shown. Fig. 1 presents contour maps and graphs of
the material ratios.
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Fig. 1. Contour maps and GSS P, material ratio

TABLE I. The results of GSS P, measurements and analyzes

0,485 0,485 0 0,485 0 0,484 0,21
—2,84 —2,84 0 —2,84 0 —2,82 -0,7
14,3 14,3 0 14,3 0 14,2 -0,7
1,17 1,17 0 1,17 0 1,2 2,56
3,35 3,35 0 3,35 0 3,3 -1,49
4,52 4,52 0 4,52 0 4,5 -0,44
0,3 0,3 0 0,3 0 0,297 -1
38,2 38,3 0,26 39,5 3.4 42,2 10,47
0,377 0,377 0 0,379 0,53 0,4 6,10
1,55 1,55 0 1,54 0,65 85| —3,23
0,0165 0,0165 0 0,0165 0 0,0165 0
0,00904 0,00904 0 0,00904 0 0,00902 —0,22
26 26 0 26 0 26 0
0,103 0,103 0 0,103 0 0,104 0,97
0,522 0,522 0 0,522 0 0,534 2,30
1,28E-05 1,28E-05 0 1,25E-05 —2,34 1,02E-05 | -20,31
0,000242 0,000242 0 0,000241 -0,41 0,000211 | -12,81
0,000277 0,000277 0 0,000279 0,72 0,000289 4,33
0,000113 0,000113 0 0,000114 0,88 0,000121 7,08
1370 1366 -0,29 1357 -0,95 1005 —26,64
66 66 0 66,1 0,15 72,7 10,15
4,01 4,09 2 4,01 0 4,2 4,74
1,22 1,22 0 1,22 0 1,22 0
2,79 2,87 2,87 2,79 0 2,98 6,81
0,000749 0,000751 0,27 0,000748 -0,13 0,000877 17,09
0,000726 0,000727 0,14 0,000723 -0,41 0,000861 18,60
2,73E-08 2,75E-08 0,73 2,73E-08 0 3,34E-08 22,34
2,22E-08 2,23E-08 0,45 2,21E-08 —-0,45 2,77E-08 24,77
0,579 0,579 0 0,57 -1,55 0,499 -13,82
0,25 0,25 0 0,259 3,6 0,36 44,00
1,19 1,19 0 1,19 0 1,05 -11,76
8,48 8,47 -0,12 9,36 10,38 12 41,51
82 82,1 0,12 83,3 1,59 80,5 -1,83

At a resolution of 1 nm, the relative errors of most
parameters were small or equal to zero.

With a vertical resolution of 10 nm, typical for contact
profilometers, the errors were greater. The biggest
discrepancies concerned the Sm,; parameter, which
increased by over 10% due to quantization error. The
parameters Sm, (by 3.4%), Spx (by 3.6%) and Sm, (by
1.59%) also increased, while the parameters Sk (by 1.55%)
and Vp, decreased (by 2.34%). %). It is interesting to change
only parameters related to the material ratio curve.

When the vertical resolution was 100 nm, the stepped
nature of the material share curve was observed (fig. 1),
indicating the occurrence of quantization error. Only the
structure orientation (parameter Sty) and parameter Ss,

have not changed. Among the hybrid parameters, the
relative changes in the Sdy slope were smaller than the
errors of surface development Sd,. Absolute values of
relative errors of the following parameters exceeded 10%:
SMy, Vimp, Ve, SPd, Spe. The same was true for the
characteristics parameters: Sd,, Sh,, Sd, and Sh,. The
guantization errors of parameters related to the peak part of
the surface were greater than the errors of the parameters
describing the valleys.

Fig. 2 and tab. Il present the results of measurements
and analysis of P, surface stereometry. It is a steel surface
after blasting, characterized by a relatively high
unevenness. With a vertical resolution of 10 nm, relative
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errors in determining surface topography parameters are

relatively small - do not exceed 2%.

At 100 nm vertical
increased, but usually did not exceed 3%. The exceptions
are: the Spy parameter, which decreased by approx. 9%,

resolution,

quantization errors

and the Sm, and Sp. parameters, which increased by
approx. 6 and 4%, respectively. The parameters
characterizing the shape of the ordinate distribution Ssy and
Sky have not changed, in addition Sv, V,, and spatial
parameters - St,, Sa; and Stg.
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Fig. 2. Contour maps and GSS P, material ratio graphs

TABLE Il. GSS P, measurement and analysis results

3,75 3,74 3,74 3,7
-0,395 -0,395 0 —0,395 —-0,392 -0,76
3,96 3,96 0 3,96 0 3,95 -0,25
14,3 14,3 0 14,2 -0,70 14 2,1
15,2 15,2 0 15,2 0 15 -1,32
29,5 29,5 0 29,4 -0,34 29 -1,69
2,87 2,87 0 2,86 -0,35 2,81 —2,09
0,0756 0,0751 —0,66 0,0803 6,22 0,125 65,34
4,33 4,33 0 4,31 —0,46 4,02 —7,16
8,63 8,62 -0,12 8,59 —-0,46 8,02 —7,07
0,0218 0,0218 0 0,0218 0 0,0218 0
0,846 0,846 0 0,846 0 0,847 0,12
93,5 93,5 0 93,5 0 129 37,97
0,624 0,624 0 0,623 -0,16 0,64 2,56
15,2 15,2 0 15,2 0 16,1 5,92
1,79E-04 1,79E-04 0 1,81E-04 1,12 2,01E-04 12,29
0,00317 0,00317 0 0,00316 -0,32 0,00328 3,47
0,00398 0,00397 —0,25 0,00394 -1,01 0,00372 —6,53
0,000537 0,000537 0 0,000537 0 0,000481 -10,43
500 495 -1 453 -9 203 -59,4
239 240 0,42 249 4,18 344 43,93
26,8 26,7 -0,37 26,6 -0,75 25,8 -3,73
11,8 11,8 0 11,7 -0,85 11,4 -3,39
15 15 0 14,9 -0,67 14,4 -4
0,00164 0,00164 0 0,00163 —0,61 0,00177 7,93
0,00197 0,00198 0,51 0,00196 -0,51 0,00218 10,66
8,01E-07 8,01E-07 0 7,87E-07 -1,75 9,03E-07 12,73
6,29E-07 6,30E-07 0,16 6,12E-07 —2,7 7,16E-07 13,83
8,49 8,48 -0,12 8,5 0,12 7,02 -17,31
3,48 3,48 0 3,52 1,15 4,65 33,62
5,16 5,16 0 5,06 -1,94 4,22 —18,22
9,06 9,06 0 8,87 -2,1 14,8 63,36
88,6 86,6 —2,26 86,5 —2,37 84,5 —4,63
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Fig. 3. Contour maps and GSS P; material ratio charts

With a 1 ym vertical resolution, all parameters changed
outside Sa;. A significant increase in the value of the Sty
parameter - by approx. 38% - results from the isotropic
character of the surface. The values of the following
parameters have increased by more than 20%: Sm;, Spq,
Spe, Spk and Smy;. Slight changes related to Ss¢ and Sk,
parameters as well as spatial parameters of Sa and St.
Generally confirmed were significant changes in parameters
related to summits and some parameters related to the
material ratio graph due to the occurrence of quantization
error.

The last analyzed surface was P3 surface after milling
(fig. 3).

When the vertical resolution was 10 nm, there were
guantization errors, but they did not concern the Ssi, Sk,
and S, parameters as well as Sa, St; and Sty spatial
parameters. The absolute values of relative errors did not
exceed 5%, with the exception of the parameters of Sd,,
Sh,, Sd, and Sh,.

When the relative resolution was 100 nm, only the
orientation of the structure did not change, which is
characteristic for anisotropic surfaces. The values of the
following parameters have changed by more than 20% due
to quantization error: Sm,, Sd,, Sp4, Sda, Sha,, Sd,, Shy and
Spk and Svi. Amplitude and spatial parameters have
changed slightly.

Based on the analysis of quantization errors of other
surfaces, it was confirmed that the stepped nature of the
material ratio curve indicates the existence of quantization
error. Especially the Sm, parameter is sensitive to this error,
but does not depend on the vertical resolution. Quantization
error causes significant changes in parameters related to
summits - the density of peaks usually decreases and their
curvature increases. Vertical parameters do not change
significantly (up to 10%).

The parameters from the Sk group obtained on the basis
of the material ratio diagram are more sensitive to
quantization errors than the V family parameters.

Hybrid parameters increase due to quantization errors,
with the Sd, parameter being more constant compared to
Sd.. In turn, the quantization error has little effect on the
spatial parameters values. With regard to the two-process
surfaces, the parameters characterizing the peak part are
more sensitive to the occurrence of quantization error than
the parameters describing a part of the valleys. Feature
parameters Sd,, Sh,, Sdy and Sh, change significantly due
to quantization errors and should not be used in routine
surface measurements. Structure orientation does not
change with anisotropic surfaces.

Conclusions

The uplifting nature of the material ratio graph indicates
the occurrence of quantization error, which causes
significant changes in summit density. The Sm, parameter is
sensitive to quantization errors. Also the parameters of
features - Sd,, Sh,, Sdy and Sh, - are clearly changing as a
result of these errors, as are the distinguishing features
obtained on the basis of the material ratio chart, especially
from the Sk group.

Quantization error has little effect on spatial parameter
values. Vertical parameters do not change significantly.

The parameters characterizing the peak part of the two-
process surfaces are more sensitive to the quantization
error compared to the parameters describing a part of the
valleys.
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