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Abstract: The article presents extremely current issues concerning imaging and measurements carried out
using coordinate optical systems in which the result of scanning spatial objects is a point cloud. What is
important, the entire accuracy assessment of the conducted fast, effective coordinate measurement nowadays
takes place in the computational area, beyond direct sensory perception, and depends increasingly on its power
and the computational algorithms used. Furthermore, we are getting closer and closer to recognising virtual
standards in coordinate metrology as a direction that allows for an increase in measurement accuracy.
Especially in recent years, the importance of the problem has been confirmed by the activities of the most
significant scientific and research centres. They focus on improving the accuracy of the data obtained in the
form of point clouds, using more precise scanning methods for this purpose, and developing filtering
algorithms to remove noise, including methods using artificial intelligence. Based on many years of research,
the authors identified a problem regarding the difficulty in developing data obtained from optical systems,
such as laser triangulation head systems, systems operating on the principle of structural light,
photogrammetric systems, as well as computer tomographs, and the impact of these systems on the assessment
of measurement accuracy. Therefore, the optical measurement process was analysed in terms of the quality of
the acquired point clouds. The authors presented the division of factors, which, in coordinate optical
measurements, generate errors in data acquisition and development. The authors also indicated which of these
factors generate the most significant errors and, above all, emphasised the impact of the software used, the
measurement operator, and the methods of cloud filtration applied by the operator. Therefore, the accuracy
assessment of the optical measurement has been noted as a critical problem, and so far, it has not been solved
effectively. In the article, as a solution to this problem, the authors proposed the OPTI-U method of estimating
uncertainty for optical measurements. The method, what is very important, was developed and verified under
the conditions of an accredited calibration laboratory. The summary also gives directions for further work on
developing and disseminating the developed method, particularly introducing virtual standards.

Keywords: point cloud; filtration; noise reduction; operator; accuracy; optical coordinate
measurement

1. Introduction

Coordinate optical systems are a valuable combination of coordinate techniques, enabling any
setting of the measured object in the measurement area with a contactless method of imaging and
optical measurement, which in turn provides a shortened measurement time. They are also the fastest
growing area of spatial measurements, on the example of which breakthroughs in the metrology of
spatial measurements of geometric quantities can be seen. It should be noted here that the technique
and the idea of measurement are changing, moving from the area of direct sensory cognition of man
to the area of computer reality supported by artificial intelligence. Equally crucial in assessing the
accuracy of the measurement is the relationship between the value measured and the standard. The
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question of whether the virtual image of the standard combines all the features of the actual standard
with its computer image used to assess the accuracy of the measurement carried out remains more
and more relevant. The quality of this connection makes optical coordinate systems an increasingly
effective, widely used tool in research, industrial, as well as military units. They are also a response
to the requirements of the dynamically developing market in the field of rapid prototyping, reverse
engineering, industrial design, material research, biomedical technology, construction, protection of
monuments, geodesy, cartography and, above all, media or metrology of the fourth dimension,
applicable wherever the digital image of an object is the basis for measuring replication and
evaluation.

Numerous key research centres around the world are involved in the development of coordinate
optical systems and the improvement of their accuracy, including the National Institute of Standards
and Technology (NIST) in the United States, the Physikalisch-Technische Bundesanstalt (PTB) in
Germany, the National Physical Laboratory (NPL) in the United Kingdom, the Institut National de
la Recherche Scientifique (INRS) in Canada, the National Metrology Institute of Japan (NMIJ) in
Japan, the Laboratoire National de Métrologie et d'Essais (LNE) in France, and many others [1-6].
This issue is very complex and requires specialist knowledge about the measurement process, factors
determining the result, the laws of physics, and statistical issues. Currently observed activities aimed
at improving the accuracy of coordinate optical systems are based, among others, on the use of new
methods enriched with elements of artificial intelligence enabling machine learning, and deep
learning using neural networks. Algorithms are trained to find patterns and correlations in large data
sets and to allow the system to make decisions [7-9]. Another visible trend is the increasing use of
multisensory systems integrated with various measurement systems, such as laser scanners, cameras,
and interferometers for measurements in real-time production [10,11].

The common feature of coordinate optical measurements, regardless of the design of the
machine used and the measurement method used, is the result in the form of a point cloud. Point
clouds coming from structurally and operationally diverse systems (systems operating on the
principle of laser triangulation or structural light, photogrammetric systems, and computer
tomographs) require performing similar tasks during the analysis. Each cloud should be subjected to
"processing". Points resulting from the reflections, including the reflectivity of the measuring table or
the fixing devices, should be removed. Appropriate filtration/reduction of points should be carried
out, and the points should be adjusted to the basic geometric element. The current work of leading
centres on point clouds focuses primarily on improving the quality and accuracy of data. Activities
aimed at improving the scanning technology itself can be distinguished in order to obtain more
accurate and detailed data, to develop cloud filtering algorithms in order to remove noise, also using
innovative methods using deep learning and cloud-merging methods - combining data from various
sources, interactive visualisation tools—in order to enable the user to view and analyse data
conveniently and efficiently [12-15].

As a result in the form of a point cloud differs from the result from the contact measurement,
the methods used so far to assess the contact measurement based on the comparative method (ISO
15530-3:2011)[16], multi-position (ISO/TS 15530-2 (draft))[17] were considered insufficient for this
application and a more adequate method was suggested to take into account the key factors that
affect the uncertainty of the optical measurement, which is based on the above, but is supplemented
by additional components derived partly from the method known as R&R [18].

The aim of the article is to present the possibility of improving the accuracy of coordinate optical
measurement by diagnosing the key factors influencing the measurement result in the form of a point
cloud both at the measurement stage, i.e. obtaining data in the form of point clouds, and at the stage
of processing, supplemented by presentations of the accuracy assessment method dedicated to
coordinate optical measurements using the proprietary OPTI-U method of estimating uncertainty in
optical measurements.

The introduction should briefly place the study in a broad context and highlight why it is
important. It should define the purpose of the work and its significance. The current state of the
research field should be carefully reviewed and key publications cited. Please highlight controversial
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and diverging hypotheses when necessary. Finally, briefly mention the main aim of the work and
highlight the principal conclusions. As far as possible, please keep the introduction comprehensible
to scientists outside your particular field of research. References should be numbered in order of
appearance and indicated by a numeral or numerals in square brackets—e.g., [1] or [2,3], or [4-6]. See
the end of the document for further details on references.

2. How to Get "Clean" Point Clouds—Key Error-Generating Factors Based on the Conducted
Research

The Laboratory of Coordinate Metrology conducted a series of tests to examine the key factors
influencing the result of the measurement using optical systems. A detailed analysis was carried out
of those that generate the most significant errors, among others: lighting, resolution, software,
operator, and measurement method. The influence of factors on the final measurement result is
presented in the Ishikawa diagram (Figure 1). The factors generating errors in coordinate optical
measurements were divided into factors occurring at the data acquisition stage (2.1
MEASUREMENT) and factors occurring at the data development stage (2.2 WORK with the POINT
CLOUD).

The operator's influence was emphasised in both stages, during the elimination of
environmental impacts (e.g. lighting), influences from the measured object (e.g. reflectivity), and also
during the development of results from point clouds due to filtration and parameter selection.

Attention was paid to the relationship between individual factors, e.g. the software used. It is
both part of the measurement system and a separate part of the diagram (due to the force of
interaction). In addition, factors such as reflectivity, lighting, and the type of head used are also
strongly related. Therefore the diagram should be treated as a certain representation holistically with
the awareness of greater or lesser correlation of individual factors [19,20].

4
) SN
& /~ . . . ' (/\’k / \
OPTICAL SYSTEM MEASURED OBJECT &Y /sorrw \
Software Material type QQ\' \
. Type, form and size ,\\\ / Data presentation \
Coordinate system type of shape deviation ) \\‘\ y, e \
Shift coordinate systems Surface waviness \‘QQ‘. / Point clouds filtration algorithms' \

and roughness 5 ; .
8 A /  Point clouds connection algorithms

e e
Optical probe head type Dimensions and geometry
- resolution Replacement elements construction algorithms \

\
\
MEASUREMENT R\
TASK - = D
Impurities Number of \. Object mounting XEI:‘:S‘AI‘?Z'TIFE‘WENT/
Temperature measurements N method /
T Number of \ Manual ability > /
Humidity operators — /
- \ Placing the object /
Vibrations Scanning step N& measurement table /
> e
— Measurement Measurement /
Lighting method \ experience 7
N Knowledg
/ / : N /
- L NaT \ /
ENVIRONMENT WE"SI BF.WE.\ T "K \OPERATOR /
STRATEGY N 7
\ 7
\/

Figure 1. Ishikawa diagram for factors affecting measurement results from optical measurement.

2.1. Measurement — Error-Generating Factors

In Chapter 2.1. selected factors influencing the measurement result in the form of a point cloud
at the measurement stage before cloud development were presented. Such factors include factors
affecting the quality of the measurement: the measurement method, the operator, the type of surface,
the color, the reflective and scattering characteristics, the number of points obtained, and lighting.

Measurement Method
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It has been shown that one of the important factors influencing the result is the selected
measurement method [19,20]. The measurement strategy is strongly dependent on the method of
estimating uncertainty. The Laboratory of Coordinate Metrology uses methods based on the
comparative method [16], multi-position [17] and the OPTI-U method developed at the LCM, and
dedicated to optical measurements.

In order to check the impact of the measurement method on the result of the optical
measurement, measurements of solid elements were carried out using different measurement
methods while maintaining the conditions of similarity. The results are given in Table 1. The
comparative method for measuring the diameter of the sphere and the deviation of the flatness gave
results closer to the nominal. When measuring the distance for this series of measurements, the
developed OPTI-U method proved to be more effective. The given measurement method for the
established measurement parameters will give results closer/further from the calibrated value.

Table 1. Methods for assessing the accuracy of optical measurements used in LCM [19]. 1 O—object,
2 S—Standard, ® SD—parameter value Stripes Distance.

Numbe Distance
F Di
Numbe ! of. . | Orientation latnes tameter between
repetiti . s of the
rof onsina of the Object deviati sphere, sphere
Method settings . in the SD3 phere, centres,
given . on, mm mm
. measuring mm
setting
space ref ref
1 2 ° *
or| § O| S 0.002 ref. 24.980 99.877
0.05 0.023 25.020 99.884
C“mz’]’e‘”“t’ 13 |10]10 0125 | 0.018 25.021 99.886
= 0.2 0.022 25.022 99.886
0.05 0.028 25.016 99.887
Multi- =\ )y | 3| 3 0125 | 0.017 25.027 99.890
position
0.2 0.019 25.026 99.890
0.05 0.034 25.022 99.881
OPTI-U 3 3 6 3 0.125 0.016 25.032 99.884
0.2 0.021 25.029 99.884

Number of Points Obtained

Tests were also carried out to check the impact of the number of obtained points on the
measurement result. In this case, the number of points obtained is closely related to the scanning
speed and the number of collected points of a given area during a single passage of the probe head.
The conducted research measured the selected features in the function of changing the number of
points due to changing the value of the Stripes Distance parameter Figure 2. As its value decreases,
the density of displayed lines increases. Thus, the probe head records a larger number of points.

Figure 2. Interpretation of the Stripes Distance parameter.
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Lighting

In order to study the influence of lighting on the measurement result, measurements of
standards were carried out when changing two key parameters of light, i.e. luminous flux intensity,
E, Im/m?, (ratio of luminous flux density @ to the surface area S (Figure 3)) and the colour temperature
expressed in Kelvin, K, which is a measure of the chromaticity of light radiation compared to the
chromaticity of a perfectly black body.

The research used measurement systems: Articulated arm with PC-DMIS Reshaper - Hexagon
Metrology software and a 3D Scanner with Mesh 3D software, and two lamps with different colour
temperatures. The incandescent lamp emitted warm yellow light with a colour temperature of 3200
K, while the discharge lamp emitted white light (similar to daylight) with a colour temperature of
6000 K. During the measurements, the light intensity was changed in the ranges (0 (without lighting),
120, 2000, 4000 Ix), the measurement was performed with a lux meter. The measurements were
repeated sequentially six times for each standard, each lamp and each light intensity. During the
research, it was observed that as the intensity of external light increases, the number of points
obtained decreases (this tendency is more potent for higher colour temperatures), and reflections
resulting from its x-ray are formed on the object (Figure 3).

[ Si e |

Figure 3. Schematic diagram of the impact of lighting on the result.

The tests carried out under appropriate measurement conditions, i.e. with the maximum
limitation of external light sources, indicate a higher accuracy of measurement using structural light
in relation to laser triangulation. However, under variable lighting conditions, the correct results
were obtained when scanning using the laser triangulation method, confirming the widespread use
of arms equipped with such heads in the production environment. In the context of the significance
of the impact of the applied lighting, the conducted research confirms the influence of lighting on the
measurement result, especially when using structural light. However, taking into account the lack of
significant impact of external light sources on the measurement with the scanning head using laser
triangulation, the authors considered this factor to be significant, but not requiring a more
comprehensive analysis and separate inclusion in the developed OPTI-U method.

2.2. WORK with POINT CLOUD —Error-Generating Factors

Chapter 2.2. presents selected factors influencing the measurement result in the form of a point
cloud at the stage of cloud development. Such factors include the operator, software, and applicable
filtration methods.

Overall Operator Impact (R&R Method)

The operator's influence on the measurement result was examined with an articulated arm CMM
equipped with a rigid-contact probe head and an integrated laser triangulation head. Three operators
with similar experience performed the measurements described in [21]. The subject of the study was
a meter ball-bar standard. 10 lengths were measured in three samples under repeatability conditions.
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The results were developed in metrology software, PC-Dmis, and 3D Reshaper, respectively. The
R&R (Repeatability and Reproducibility) method was used to analyse the results, as can be seen in
Table 3. The R&R analysis method uses the same mathematical apparatus that Shewhart used to
develop his control cards, especially the X —R card (which is why the R&R methodology is often
called the analysis of Averages and Ranges). This method is currently a recognisable and respectable
(especially in the automotive industry) tool for identifying and assessing the share of individual
components during the monitoring of the production process. The accepted "R&R" analysis
procedures were introduced by the so-called "big three" (Ford, Chrysler, General Motors) in
cooperation with the Automotive of the American Society for Quality Control (ASQC) and the
Automotive Industry Action Group (AIAG) [18]. The R&R method calculates the repeatability of E.V.
a component depending on the measurement device, and the reproducibility of A.V. a component
depending on the adopted variable conditions (the operator, in this case, is treated as a variable

factor).
Table 3. Results of the R&R method with interpretation.
R&R AA CMM with AA CMM with
R I ]
method | contact probe, % optical probe, % esult nterpretation of the result
E.V.% 0.0310 0.2110 <10 Permissible error
Permissible error
AV.% 13.9950 22.5700 10—30 | depending on the accuracy
of the measurement
R&R% 13.9951 22.5701 > 30
where:
EV.
0 — L er
E.V.% 100 Tolerance (1)
AV.
0 — L ar
A.V.% =100 Tolerance (2)
and
R&R % = \/(A.V.%)? + (E.V.%)? (3)
while:

E.V.%—device (repeatability),

A.V.%—operator (reproducibility,

and

R&R% —device and operator together (repeatability and reproducibility).

Regardless of the head used, the operator's influence is decisive in both cases (this is justified
because the articulated arm CMMSs are manual machines). However, in the light of the conducted
considerations, an almost double increase in the error coming from the operator after connecting the
optical head (Table 3) is significant.

Operator's Work with the Software

Despite the guidelines in the standards and recommendations for calibration of optical systems
regarding the work with the point cloud, e.g. the method of generating geometric elements—the
calibration results of the system carried out by several operators differ significantly [21,22].
Furthermore, there is also a lack of official guidance beyond ISO 10360-6:2001 [23] in the context of
the comparability of metrology software.
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The LCM investigated the impact of algorithms used in four selected leading metrology software
for surface analysis to develop measurement results. The measurement was carried out using the
articulated arm CMM optical system with an integrated optical head following the VDI/VDE
recommendations [24]. First, the test ball was used to determine the error of the head system - it was
measured in 10 settings throughout the measurement space. Then the ball-bar standard was
measured in 7 settings to determine the indication error on the length and the flatness standard in 6
settings to check the flatness error [22].

The acquired clouds were developed in each of the four software programs with numbers from
1 to 4. The obtained results (Figure 4) indicate an identical and similar algorithm in determining the
length for software numbers from 1 to 4. For flatness, however, the results of software 3 clearly differ
from the others. The observed differences showed some disturbing influence of the software on the
measurement result. They undermined the legitimacy of comparing results in different software due
to the significant impact of algorithms allowing for mapping the basic geometric element. In order to
improve the quality, it is necessary to carry out the validation of metrological software [19,20]. The
authors decided to consider the software's significant impact when estimating uncertainty using the
OPTI-U method.

E 0 E 04
. 05 Lod S -~ 0
5 04 O Q.00 5 o2 o
g 03 r1<>r‘| 5 0:3 o0 O o O
s 02 @® 8N 2 02 AR AN KO
b 0.1 N @ g7 P
S 0 ] g 0
- ) 0
0123456 7 8 T

Software 1 ¢ Software 2 Software 1  Software 2

O Software 3 A Software 4 OSoftware 3 A Software 4

Figure 4. The influence of the used software on the measurement result on the example of length and
flatness measurement [19].

Operator's Work in the Context of Applied Filtration

The operator's influence on the measurement result was tested for 3DReshaper and Focus 10
software. Each of the software packages provides the user with a number of possibilities to filter the
data in its original form and when using the best-fit tool. These possibilities are based on various
criteria for removing points, i.e. the distance between points (explode with distance (Figure 5a),
density (points are removed from small clusters—noise reduction) (b), and random reduction (c). It
is also possible, for example, to divide the space into small cubes with a side length defined by the
operator, leaving a single point in each cube.

a)

Figure 5. Examples of filters a) explode with distance, b) noise reduction, c) random reduction.

The results of simulations taking into account different filtration methods along with the
variation in their intensity. It has been shown that filtration strongly changes the nature of the input
data without affecting the final measurement result. When conducted by an inexperienced operator,
it may result in the loss of information about the actual shapes of the object measured as a result of
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removing the wrong number of points or improperly distinguishing areas to be removed. Therefore,
the authors suggest removing the points with caution and to the best of one's knowledge. During the
research, it was observed that the results of system calibration carried out by several operators differ
from each other, despite working with the same software and when using the same filtration
methods. The authors tend to state that the optical measuring device, operator, and software should
be treated together as the entire measurement system during calibration [19-22].

3. OPTI-U Accuracy Assessment Method for Optical Measurements

The LCM conducted several studies to search for the factors generating the largest errors in
optical measurements. The dominant influence of both the operator and the software/program was
observed. The research was carried out with different configurations of factors to formulate objective
conclusions, considering both different operators and software. Therefore, a method of assessing the
accuracy of measurements dedicated to optical measurements was developed, which takes into
account the impact of these factors —the OPTI-U method, which is a combination of the comparative,
multi-position and R&R method. The OPTI-U method in the context of the measurement procedure
is based on the multi-position method [17] —measurement from different directions. Measurement
with the OPTI-U method includes a cycle of six repetitions of measurements of a given characteristic
(for the standard, these are three repetitions) in three settings. On the other hand, in the context of
calculating uncertainty, it is based on the comparative method [16], whereby, unlike the classic
method, the standard uncertainty of systematic error was expressed as components of the uncertainty
of upy and ugy in accordance with (4), which emphasised the clear and systematic influence of the
operator and the machine. Thus, the expanded uncertainty in the OPTI-U method is calculated
according to the following formula:

U=k- \/ W% + (up)” + (Um)? + (Upv)? + (ugy)? )

where: u. —standard uncertainty of the calibrated object, u, —standard uncertainty of the
measurement procedure, u,, —standard uncertainty from the manufacturing process,
u,y —standard uncertainty of the device operator, ugy—standard uncertainty of the machine.
Standard uncertainties u., u,, uy are determined in accordance with similar uncertainties in
the standard 1SO 15530-3:2011 [16].

Determination of Standard Uncertainty of the Device and Operator: uay and ugy

Uncertainty u,y from the operator and ugy the machine can be determined with the adaptation
of the method mentioned in Chapter 2.2 and known in metrology as the R&R method. In order to
determine the components from the operator and the machine, measurements of a given
characteristic are made six times in three settings (the first three—operator A, and the next—B). Then
the range values (R) for the results from A and B are calculated separately, for each setting, as absolute
values from the difference between the maximum value and the minimum value of the measurement
results of a given part (5):

R= |PMAX - PM1N| (5)

where: PMAX —the maximum value of the measurement results, PMIN —the minimum value of the
measurement results.

In the next step, the sum of individual ranges (XRA, XRB) is calculated, and then the average
value for the sum of the ranges of individual measurements in one setting made by one operator (6):

2 Ra > Rg
R = |Puax =Rz = L Rg = L (6)

where: R, -range of measurement results carried out by operator A, Ry - range of measurement
results carried out by operator B, L—number of settings.
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Then the value of Ry is calculated as the sum (Rz, R ) divided by the number of operators (7):

5 _ Rz+Rg
R=="T— @)
where: Rz —average value for the sum of the ranges of individual measurements in one setting made
by operator A, Rg—average value for the sum of the ranges of individual measurements in one
setting made by operator B, L—number of settings.

Then the sum of the individual results in each setting (LA1, LAz, YAs and (XB1, LBz, XBs) are
calculated and added (8) respectively:

XXa=2A+ YA +XA;, YXXg=XB; +XB,+XB; (8)

The mean values are calculated as follow:

_2Xa _ 2Xs
Xz=7~  Xg=7 )
where: Xz -the average value of the sum of individual results in each setting for operator A, Xg—the
average value of the sum of individual results in each setting for operator B.
Finally, we calculate

RX = [Xz — X3 (10)

The uncertainty component derived from the ugy (repeatability) can be calculated according to
following formula

Ugy = ﬁ ' Kl (11)

The values of the K coefficients are read from tables depending on the number of repetitions; for
the presented method, they are K1 = 0.00456, K2 = 0.00365 for two repetitions and K1 = 0.00305, K2 =
0.00270 for three repetitions [18], respectively. The uncertainty component from the u,y operator
(reproducibility) shall be calculated according to following formula

— 2
uay = J(RX+ ;)2 = 222 (12)

where: n—number of elements, r—number of repetitions.

Expressing the Measurement Result

With reference to [16], the measurement result should be adjusted by the value of systematic
inflows. If this is not possible, the measurement result p is the average of all the results, including
the correction—if the measurement strategy is the same on the item and the standard used, and the
standard meets the conditions of similarity (13). Errors inadequate for a given measurement task take
the value 0.

where: p—the mean value of the results obtained, in accordance with (14), EL—systematic error of
length measurement, Es—systematic error of measurement of the outer/inner sphere/flat surface, Er
—systematic error of the program used.

1
Np'Mmp

= _ np mp

p= 221 Zjzq Py (14)
where: np —number of measurements repeated in one orientation, mp-number of different
orientations, pj—the result of the measurement of the determined dimension in the i-th repetition, in
the j-th orientation.
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Determination of the Systematic Length Measurement Error—EL

The Ev. parameter (15) is determined during length measurements. A length standard designed
for calibrating optical systems, appropriately selected for the measured element, is used to determine
the parameter. This may be a ball-bar standard (distance from the centre of the sphere to the centre
of the sphrere) or a reference plate (plane to plane), depending on the dimensions and shape [19].

EL=p-Epp (15)

where: Ep—relative error, determined in accordance with the following formula:

1 an my, dij—dw

=nW-mW i=14j=1 (16)

E
Lp dw

where: nw —number of measurements repeated in one orientation, mw-number of different
orientations of the length standard, qw—the reference value of the used standard recorded in its
calibration certificate, qij—the result of the measurement of the standard in the i-th orientation and in
the j-th repetition.

Determination of the Systematic Error of Measurement of the Inner, Outer and Flat Surface—Es

The Es error is determined by performing the measurement of selected standards: the Esout
reference sphere (outer), the concave hemisphere (inner) Esin and the Est flatness standard depending
on the shape of the measured object and performing calculations in accordance with the relationships
(17-19). The Es error is assumed as the value of the largest error among Esout, Esin, Est depending on the
nature of the variability in the shape of the measured surface—the dominant shape is selected [19].

Esout = 7= St Ty (i = Sw) (17)
and
Esin = %% T2y (55 — Sw) (18)
and
Egr = —— i Ty (6 — fu) (19)

where: nw - number of measurements repeated in one orientation, mw-number of different
orientations of the standard, Sw—reference value of the diameter of the used reference sphere, Sij —
measurement result of the diameter of the sphere, sw—the reference value of the diameter of the used
concave hemisphere, sij—the result of measuring the diameter of the internal reference sphere, fw —
reference value of the flatness of the standard, fij —the result of measuring the flatness of the standard.

Determination of the Programe Error—Er

The Ererror (20) is determined using the ball standard, which is measured three times in two
settings (measurements from the determination of the Es component can be used). The diameters of
the spheres in the programe used in the measurements are then determined. The situation in which
results are developed in more than one programe is relatively rare. However, this parameter is
gaining importance due to the increasing use of multisensory systems. The authors mean a situation
in which the operator has various tools for a given task and, to obtain the most accurate results
possible or for practical reasons, decides to develop fragments of the measured object in various
programs. For such situations, it is necessary to determine the uncertainty component of the Er.
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1
Ny My

Up =

S S (P — By,) (20)

where: nw—number of repetitions of measurements in all orientations (2 settings X 3
measurements), mw—the number of program solutions used to obtain the results, Pj—sphere
diameter measurement result, Pw—the nominal value of the sphere diameter.

5. Measurements Carried Out and Validation

The research presented in this article was carried out using the equipment constituting the LCM
measurement base, including systems made available to the Laboratory under agreements. The
measurements were carried out using the systems presented in Table 4.

Table 4. Specification of measurement systems used in the tests.

System Model Field of View, mm MPEP Amount of points
Width Depth (10), pm per 1sec
Coordinate
Measuring Machine
Nikon LK V10.7.6 SL L100 110 60 6.5 200,000
+ head with laser
triangulation
Measurement scope, mm Accuracy, Amount of points
X Y V4 um per 1 sec
Articulated Arm
CMM
Rome;?:omte 732081 (R2) 2000 | 2000 | 2000 +79 50,000
+ head with laser
triangulation
Measurement scope, mm? Accuracy, Amount of points
(white or blue light) um per 1 sec
Smarttech 3D
gsgcl:f’ gy’;‘:‘;nhflyo 3D Qualify 80 x 100 - 1200 x 1600 up to 10 up to 2,000,000
Mpi (white light)

The geometric standards that can be compared to the geometric elements of the sphere, plane,
and roller type were measured, e.g. a flatness standard with a flatness deviation of 0.0017 + 0.0006
mm, a reference ball with a diameter of 24.9809 mm + 0.0006 mm and a shape error of + 0.0013 mm,
a ball-bar with a distance between the centres of the spheres of 99.8773 mm + 0.0007 mm.

Validation shall be carried out in order to verify and document the fulfilment of the expectations
regarding the intended use of the system, method, process, procedure, and device [25]. The validation
of the OPTI-U method was carried out in relation to the comparative method, because it is a method
commonly used in coordinate measurement techniques based on the PN-EN ISO 15530-3:2011
standard [16].

The tests were carried out on a CMM Nikon LK V-SL10.7.6 equipped with an LC15Dx laser
scanner. Three objects were measured, and three standards were specified by determining the
diameter of the sphere standard, the deviation of flatness and the distance between the centres of the
spheres (Figure 6). The elements were prepared for testing in accordance with the requirements of
the standards, so their surfaces were thoroughly cleaned and subjected to temperature stabilisation.
The measurements were performed in a sequence corresponding to the specified procedures. The
measurement results are presented in Table 5 and in graphs (Figure 7).


https://doi.org/10.20944/preprints202410.1751.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2024 d0i:10.20944/preprints202410.1751.v1

Figure 6. Validation of the OPTI-U method —standards (at the top) and objects (at the botton).

DIAMETER OF THE SPHERE FLATNESS DEVIATION DISTANCE BETWEEN SPHERE CENTRES

25,000 E 0,060 g s
£ 209% ul 0050 £ 69170
w2090 2 e
:(: 24970 . § 0,040 5’ ) COMPAR.
S Ju060 COMPAR., | = ’ COMPAR. | @ 69150 o151
-4 24,961 O 0030 OPTI-U 0.031 9] ’
& 26950 & 0,028 3 Z e
T 24940 < 0020 = OPTLU
E 555 } OPTI-U S 2 69,130 } oy

- 24,933 m

= 200 n M 69,120

24910 0,000 69,110

Figure 7. Values of measured characteristics together with measurement uncertainties for the OPTI-

U method and the comparative method.

The validation of the OPTI-U method was aimed at checking the consistency of the results and
obtaining an answer as to whether using the OPTI-U method allows for obtaining results similar to
the results obtained using the comparative method, which uses a calibrated object and has been
proven and tested for years. The statistical validation parameters determined to verify the usefulness
of the OPTI-U method in assessing the accuracy of optical measurements in relation to the method
using the calibrated object were determined using a two-way measure of discrepancy with the
normal consistency and measures of discrepancies model [25], and based on a statistical test of normal
consistency developed by Birge in 1932. When applying a two-way measure of discrepancy, the
following conditions shall be met:

The obtained results of measurements Xi,..,xa are random variables, which are determined by the
probability density function with expected and unknown values.

The probability distributions of the Xi,..,x» measurements are normal (Gauss) and independent
of each other.

The standard uncertainties of the obtained measurement results u(xi),..,u(xn) are standard
deviations from the above-mentioned distributions [25].

A bilateral measure of discrepancies Tijx) assumes that the results of xi and xjobtained from the
two methods of estimating uncertainty are mutually consistent if their differences are small in
relation to the difference in their variance (21).

Ti—j (X) = (Xi - X]) (21)
The predictive value here is p» given by the following formula

(xi=x;)

pp=Pr{Z > ———=—
\/uz(xi)+u2(xj)

(22)

The results of xi and xj are divergent and inconsistent if the probability result is close to 0 or 1,
while if the result is in the range from 0.05<Pb<0.95, a convergence and similarity of the results can
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be found [25]. The validation was carried out in accordance with [25], and its results are presented in
Table 5.

Table 5. Validation of the OPTI-U method.

Criteri
Measured Method for ~ Measured Measurement — (x; — x;) Value vaTi ;;;?:n
geometric estimating characteristic uncertainty, | 2 +102(x,) 7 Pb result
S . u“(x;) +u x]'
characteristic uncertainty  value, mm mm 0.05<Pb<0.95
Diameter Comparative 24961 0.028 .
of the sphere OPTI-U 24.933 0.014 08944 09 01841 positive
Comparative 0.031 0.022
Flat deviati 0.9529 0.96  0.1685 iti
atness deviation — 0.028 0016 positive
Distance between Comparative 69.151 0.022
0.1103 012  0.4522 iti
sphere centres  OPTI-U 69.129 0.007 postive

The similarity of the results obtained using the OPTI-U method to the results obtained using the
reference comparative method is maintained. The probability results for the measured characteristics
are in the range from 0.05 to 0.95. Therefore, it is possible to assume a positive result of the OPTI-U
method validation for the presented measured values, which confirms the suitability of the OPTI-U
method in assessing the accuracy of coordinate optical measurements.

5. Concluding Remarks

Regardless of the type of optical system used, whether it is a system operating on the principle
of laser triangulation or structural light, a photogrammetric or a computed tomography system,
results that are obtained using it in the form of a point cloud are subject to the same laws. In this
article, the key factors determining such a result were indicated both at the measurement stage, i.e.
obtaining data in the form of clouds and when already acquired clouds are being developed.

During the first mentioned stage, i.e. conducting a coordinate optical measurement, numerous
point clouds are obtained. To improve the accuracy of this stage, the authors recommend the correct
tool selection for the intended purpose, ensuring appropriate conditions, including lighting. Limiting
light sources is very important when measuring with structural light. The authors also recommend
the optimal selection of the parameters of the probe head for the task, resulting in a certain number
of points collected from a given area during a single head passage. The right number of points should
be collected to get a full picture of the measured object. However, the larger the number of points,
the larger errors may occur. With fewer points, the texture of the cloud is simplified, and the
measurement is faster and more efficient.

During the second stage, i.e. working with the acquired point cloud, the authors recommend
reasonably and consciously using available filtration methods. Current work on point clouds is
focused on developing filtration algorithms that allow data to be developed in a more accurate
manner. Modern approaches to point cloud filtration take into account the use of artificial
intelligence, in particular machine learning, deep learning, enabling automatic detection and
reduction of noise and points coming from reflections. The research work also concerns the
development of tools for presenting measurement data and making the data available in real time,
which is extremely important when using coordinate optical systems in production. The authors
draw attention to insufficiently complete top-down guidelines for working with clouds. The available
software allows for a lot of freedom in cloud processing, which, in the absence of sufficient operator
experience, may result in the loss of information about the actual shapes of the measured objects. As
research has shown, filtration changes the nature of the input data. Although the standards and
recommendations indicate the number of points that can be removed, the results of work with the
same cloud of different operators differ from each other. Therefore, in the process of processing the
point cloud, it is recommended to specify the guidelines and impose certain blockages in programs
potentially exceeding the permissible threshold. General software validation, taking into account
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filtration algorithms, and broader inter-laboratory comparisons in this respect would also be
advisable.

Bearing in mind the diversity of coordinate optical measurements in terms of contact, not only
in terms of the measurement strategy itself, but also the methods of developing the results, the OPTI-
U method was developed and presented, taking into account the impact on the accuracy of important
factors such as the operator, software. The OPTI-U method has been successfully validated and
responds to the need to systematise the evaluation of the accuracy of measurements carried out using
coordinate optical systems. In the future, it is planned to further develop the method by further
factors affecting the measurement result, such as the type of measured surface in terms of, among
others, colour and reflective-dissipating characteristics. It is also planned to examine the degree of
correlation of individual components. The question of whether a virtual standard can replace
material standards used and measured by optical methods, how to provide a reference and
connection with the unit, or whether the nominal value sufficiently represents an error-free reference
for the computational algorithm and measurand is becoming increasingly relevant. All these
problems are currently the subject of the authors' research.
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