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Abstract. The analysis of constructional steel structures (such as car shells for rail vehicles) in terms of

— dimensional checking according to DIN 25043-2:2012 (presented here) and

— completeness checking (investigated in Jurdeczka, 2017)

represents a challenge because of the dimensions of the test object (20m x3mx 3 m) and because of the number of
mounted parts (several hundred).As presented here and in former publications, the use of 3D scanners allows us
to obtain sufficiently comprehensive information about the actual configuration (dimensions and completeness)
of the constructional steel structure to be checked. By using an adapted algorithm, the respective 3D model as

the target state is superimposed with difference images.

These difference images show possible dimensional deviations as well as possible missing parts or, at the least,
suspect points. For dimensional checking, there are advantages in the inspection process. In addition, a detailed
image can be obtained, which can be used for later evaluations.

1 Introduction and motivation

The process of the 3D scanning of car body shells is de-
scribed in a former publication (Jurdeczka, 2017). There
is given also the use of 3D scanning for completeness
checking. Since then, the already-presented algorithm (Jur-
deczka, 2018a) has been able to be extended for dimensional
checking. This dimensional checking will be described here.
Three-dimensional scanning by a terrestrial 3D laser scan-
ner (TLS) results in point clouds. Besides the information
about the scanned object, the point cloud contains so-called
pseudo points. For completeness checking, pseudo points
could be rendered harmless by an algorithm. For the dimen-
sional checking, pseudo points are quite irritating, since they
distort the position of a real item. In this publication, it is
pointed out how to decrease the disturbing effect of pseudo
points for the process of dimensional checking.

About 100 discrete dimensions have so far been captured
per car body shell (CBS) by a laser tracker or a batter board
or string line device, added to by further measurements using

an angle meter and an inner calliper gauge. Thus, the formal
requirements of DIN 25043-2:2012 have been securely met.
However, the analysis in the event of unexpected assembly
problems has not been supported. It is especially this analysis
of criteria at a later point in the ongoing assembly that has
potential. Besides that, the statistical process control can thus
also be fed with sufficient input information.

Cycle time and constructional variant diversity with
a small quantity of completely identical car shells represent
the motivating basic conditions for completeness measure-
ment. This variant diversity is managed in production by
MESs (manufacturing execution systems). The production-
accompanying checks also require attention. The variant di-
versity is based on the type of mounted parts, their number
and their positions. About 300 mounted parts (holders, lugs,
earthing connections or the like) are to be checked for com-
pleteness within the cycle time per shift (about 8h). A car
body shell in a test rig is shown in Fig. 1. The development of
equipment-based analyses of structures is ongoing. Progress
reports of the first developments in equipment- and model-
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based completeness checking — for smaller inspection vol-
umes than those presented here — are available (Berndt and
Warnemiinde, 2012; Kelch, 2015; Anonymous, 2015; Tarih,
2016). This development is added to by handling instructions
for the assembly staff and the inspectors, where target posi-
tions of criteria are indicated by laser light at the mounting
position or by a monitor in a CAD data set (Drechsel, 2016;
Optimum GmbH, 2019). The known approaches for the mea-
surement of constructions with main dimensions larger than
10 m and for completeness checking should therefore be con-
tinued. Model-based checking now promises the possibility
of considering the variant diversity of design and production
by means of easily adaptable test plans and criteria lists.

Schmitt et al. (2016) provide an overview of the mea-
surement procedures presently available for large test objects
(large scale). Kersten et al. (2018) as well as Lichtenberger
and Wintjens (2017) expand upon this subject for terrestrial
laser scanners. Jurdeczka (2016a, 2017) describes the gener-
ation of difference images from the comparison between the
3D CAD model (target) and actual 3D data, with the allowed
manufacturing tolerances and their utilization also being con-
sidered. There is the basic problem that the real length of the
car shell differs in the range of specified tolerance by up to
+14mm. A comparison of the real car shell with the nomi-
nal 3D model will display the deviation. Since the size of the
mountings (i.e. 25mm x 15mm x 3mm) is in the same range
as the specified tolerances, a simple comparison of the com-
plete 3D scan against the complete 3D model will not dis-
play the deviation of delicate mountings. A solution is devel-
oped (Jurdeczka, 2018a) for the basic problem that the real
length of the car shell only complies with the nominal size
of the CAD data set within the tolerances of several millime-
tres. Thus, a length deviation of the real steel construction
from the data set, for example, is indicated in the difference
image. However, such a deviation would not necessarily be
a fault but a variation in production evaluated as still being
okay. A whole side of a cubic steel construction (e.g. sidewall
of a rail vehicle) might therefore be presented as missing or
deviant although there is no fault except the tolerance is used
up to the nominal size.

In Jurdeczka (2018a) it is explained how to modify
the available equipment class of terrestrial laser scanners,
100HSX-SR (Surphaser.com, 2018), and analyse the meth-
ods of PolyWorks Inspector Premium (Duwe-3d.de, 2020).

Compared with completeness checking, the use of 3D
scanners for the generation of dimensional statements leads
to additional difficulties, which are listed at the end of the
next chapter.

1.1 Capture of the as-is state and dimensions

A terrestrial 3D laser scanner (TLS, also called HDS — high-
definition surveying) is used for data acquisition (3D scan,
point cloud). The advantages of using a TLS for the genera-
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tion of an image of the test object are speed, a comparatively
easy operation and manageable point clouds.

A typical car shell of a regional train can be completely
scanned with four sensor positions outside and another five
to six sensor positions inside, such that shadowing by pillars
is avoided in the interior.

As scanning takes place from various sensor positions, first
the individual scans should be registered and summarized in
one joint point cloud. The points can be reasonably thinned
out, and individual erroneous scans of the hall ceiling, in-
ter alia, can be eliminated by meshing. For this purpose, the
point cloud of the individual 3D scans is to be prepared, i.e.
by registration (consolidation) of the individual scans of the
different sensor positions and by meshing. Example param-
eters for meshing are a mesh size of maximally 4 mm and
single-point deviation of 0.1 mm. The points can also be eval-
uated optionally according to the scanner distance and partic-
ularly to the probing angle.

The point cloud obtained using the scanners and the fol-
lowing preparation is a detailed image of the actually built
state (as-is state).

A preliminary investigation was carried out for the repro-
ducibility of the measurements. When automatically register-
ing the scans by means of target marks (target mark example
in Fig. 2), the software provides statistics for 3D accuracy.
The maximum deviation for 20 scans was at about 0.5 mm,
and the standard deviation was at about 0.25 mm.

Figure 3 shows the registered complete point cloud of a car
shell. Figure 3 also contains dimensions, i.e. length values,
with the reference points of

i. rear wall and
ii. centre of the bearing bore.

The latter is also determined from the point cloud. As in
the measurement sheets, the evaluation is performed accord-
ing to DIN 25043-2. First, it was necessary to define planes
as reference planes in the registered scan data. An example
of reference planes is shown in Fig. 4.

Table 1 lists examples of dimensions in the three reference
planes (Fig. 4), according to DIN 25043-2:2012, of the com-
plete point cloud (Fig. 3).

In addition to the main dimensions (length, width, height),
Fig. 5 also shows other dimensions, i.e. x and y dimensions
of a door cutout.

Figure 6 shows an additionally calculated vehicle’s central
plane (plane of symmetry) and the related width dimensions,
i.e. y dimensions. The y 41L and 41R dimensions of Table 1
and Fig. 4 can be used for comparison.

By means of the filter setting on the scanner, the acquisi-
tion of the point clouds can be influenced such that pseudo
points (so-called curtains) can largely be excluded. Remain-
ing pseudo points do not seriously affect the algorithm for
completeness checking (described in the following section).
However, they are very disturbing in dimensional checking.
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Figure 2. Example of a point cloud. The intensity of reflection (remission) is shown as a grey value, which results in a photo-realistic view

of the point cloud (Jurdeczka, 2017). A detailed section is on the right.

Attention should therefore be paid to their suppression. Ex-
amples of pseudo points are shown in Fig. 7:

a. rough surface instead of flattened surface area, and

b. so-called curtains of pseudo points in the opening for a
window.

1.2 Achieved reproducibility of measurements

There were two campaigns performed. In Table 2, the cam-
paigns were compared using the example of the length of the

Www.j-sens-sens-syst.net/9/109/2020/

car body shell (CBS). The values were scanned by probing
black and white targets at the rear walls of the CBS. Each
sensor position differs by approximately 1 m from the sensor
position before. The standard deviation in Table 2 is calcu-
lated before any alignment.

To get a general point cloud over all sensor positions, the
point cloud from each sensor position needs to be registered.
For the registration of automatically detected b and w targets,
a standard deviation of 0.3 mm and a maximum of 0.7 mm for
a single deviation are calculated. This fits the needs of later
meshing. In the numbers, provided in Table 2, a random er-
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‘ Cylinder 2
Diameter 78.1 mm

Figure 3. Complete point cloud of a car shell. Derivation of two length values and of the diameter of a bearing bore are shown.

Table 1. Examples of dimensions (in millimetres).

Name Index Type

y 32L +32R 1  Distance
y41L+41R 2 Distance
y 30L +30R 3 Distance

Target As-is  Deviation
2280.0 2271.1 —8.9
2600.0 2596.3 -3.7
2458.0 2458.2 0.2

Distance 2,271.1 mm

- _

Distance 2,596.3 mm

Figure 4. Example of reference planes inside the car shell.

ror is included. Systematic deviations which have to be anal-
ysed in addition to the random deviations, were investigated
in NIST, 2006. Holst et al. (2014) categorized the systematic
deviation in

i. deviations, coming from inside the TLS, like distance
measurement or beam steering and deflection;
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ii. atmosphere, like temperature, barometric pressure or
solar irradiation;

iii. configuration, like angle of impact or distance; and
iv. surface properties, like roughness, reflectivity or colour.

It is obvious that (ii) to (iv) are caused externally, and (i) is
caused internally in the TLS device. Wujanz (2020) describes
the sources of uncertainty for 3D scanning by TLS as

i. uncertainty in probing,
ii. uncertainty inside the TLS, and

iii. uncertainty caused by the registering (alignment) of in-
dividual scans to one general point cloud.

The range uncertainty of the used TLS (results in Tables 1
and 2) is given with < 0.3mmar3 m (http://www.surphaser.
com, last access: 13 March 2020).

1.3 The algorithm for completeness checking

The algorithm for completeness checking has been described
before by Jurdeczka (2017, 2018a, b). Please refer to these
references for further explanations. The algorithm contains
an estimation of a value for ¢. This is the distance between
the CAD model and overlaid point cloud. If there are points
closer then ¢ around the CAD model, it is assumed that there
is arelation between CAD element and point cloud. Elements
with point distances larger than ¢ are colour marked in Fig. 8.
A look at the sidewall near the real wall shows red points in
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Length| 1,622.0 +3.0/-0.0

1,618.1 mm

-~ y30L
Ref. feature: Symmetrical plane
Feature: Point 1

target actual | dew.
l?D Dist. | 1,299.96 | 1,299.58

Ref.feature: Symmetrical plane l
Feature: Point 2

target actual | dev. |des.
30 Dist.| 1,299.96 | 1,300.28 [0.32 [nok

Figure 6. Additionally calculated vehicle’s central plane (plane of symmetry) and the related width dimensions, i.e. y dimensions.
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Figure 7. Examples of pseudo points at the rear wall and in window cutouts of a car shell (software process, C3D Shell).

Table 2. Comparison of two campaigns.

Campaign 1  Length (mm) Mean (mm) SD
Scan01 12100.78 12100.78  0.12
Scan02 12100.76

Scan03 12100.61

Scan04 12100.83

Scan05 12100.99

Campaign 2

Scan01 12100.76 12100.76  0.16
Scan02 12101.14

Scan03 12100.66

Scan04 12100.92

Scan05 12100.92

Fig. 8. These are protective plugs of plastic which had al-
ready been mounted at the time of scanning and which do
not belong to the design data set of the car body shell, of
course.

The detection of these @ 8mm x 20mm or & 10mm x
20 mm large criteria demonstrates the potential sensitivity of
the test system. Differences between the 3D model and the
point cloud are made detectably visible by the application
of the algorithm so that such small criteria are captured and
analysed.

2 Conclusions, experience and outlook

With the use of a TLS with an adapted focus range for the
acquisition of point clouds and the subsequent processing of
the point clouds using an adapted algorithm, there is now an-
other measurement method available for constructional steel
structures of up to 20 m. A proof of concept has been vali-
dated positively.

The issue of difference images with missing parts marked
therein allows for completeness checking that is largely in-
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Figure 8. Sidewall section. Presentation of the 3D data set, the
colour marking encodes the distance of the corresponding points
of the point cloud (software, PolyWorks).

dependent of the inspector’s tiredness and experience (Ju-
rdeczka, 2016b, c, 2019). Many of the approximately 300
mounted parts are recognized as being correct and present.
Detected defaults are presented in the model in a traceable
and clearly visible way. Manual rechecking of these com-
paratively few places then separates real fault displays from
occasional faults of a higher order.

The model-based target description (by means of a 3D
CAD data model) leads to high flexibility in changes to the
test objects (car shells) and is therefore especially suitable
for varied assembly processes. Constructional changes in the
CAD model can therefore also be integrated into the test plan
(list of criteria to be checked) in the short term. The structure
of the 3D model data is of special importance for the scope
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of the calculation operations. As far as it is possible by rea-
sonable structuring to issue a so-called light model with the
mounted parts, separate from the complete design data set,
suitable input information about the target state will be avail-
able. The light model can be considered as an extract from
the parts list, i.e. it lists all mounted parts. The import and
export of test criteria plans of the light model can then be
supported very well. Thus, test criteria plans can largely be
automated (name of the mounted part, identification number,
etc.).

A classification of the test object in areas, both in the data
set and in the point cloud, is part of the testing process. For
these geometric areas, optimum geometric area sizes can be
determined to obtain minimum noise. Additional investiga-
tions are required here.

The described solution of the implementation of a second
coordinate system (a local one for the area of the considered
mounted parts in addition to the global coordinate system for
the complete car shell) provides generally sufficient degrees
of freedom for orientation, which are also required for orien-
tation procedures between the work steps of additive manu-
facturing (Penchev, 2019). Even if the actual dimensions are
within other value ranges, the procedure can be transferred
to minimize the inaccuracy and scattering of such orientation
procedures.

Data availability. Research data are available upon request to the
author.
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