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Abstract
Manufacturing industry often uses 3D scanning technologies to inspect their products. Some of these techniques produce a
point cloud that represent a section of the manufactured product. The clouds must be aligned to the model of the product in
order to check its quality. Current registration methods are usually affected by dimensional problems or volumetric anomalies.
This paper proposes a new method for the registration process aligning the cloud to the model in several steps. The first step
is the state-of-the-art method. The second step uses the information acquired in the first one to perform a fine registration in
order to not being affected by dimensional defects or little miss alignments in the previous step providing a huge improvement
in the measurement of surface defects. In this paper, several techniques are proposed in order to provide a set of tools that
the final users can tune to fit their needs. The whole procedure of registration can be run in real-time conditions using the
sampling and caching strategies proposed. The methods proposed are tested over more than 10,000 profiles of a rail proving
they successfully align the cloud and the model providing better results in the measurement of surface defects.

Keywords Computer vision · ICP · Surface inspection · Point cloud registration

1 Introduction

Current manufacturing industries must comply with inter-
national quality standards [18]. These standards define the
quality the products must have in many different aspects
such as surface quality, material behavior or product dimen-
sions. The production of defective products can generate
large economic losses and damage the reputation of the man-
ufacturer. Depending on the purpose of the product, critical
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safety issues may also arise. Therefore, modern industries
need quality control systems that can inspect the products
automatically, in real time, without slowing down produc-
tion [3].

Long products can be defined by their transversal section.
They are manufactured in a rolling mill in which a bar is
moved between rolls that press it into the desired shape. In
fast production lines, a whole product must be inspected and
diagnosed fast enough that the quality inspector can act when
a defect appears. This is a definition of a real-time restriction
which must be taken into account in all the stages of the
processing.

Two very important features of long products are surface
and dimensional quality. Surface and dimensional inspection
can be carried out manually by quality inspectors to some
extent, but generally it is performed using automatic systems
[15, 20] using some kind of 3D reconstruction technique.
In many cases, 3D reconstruction generates point clouds that
represent the product. Thesemust be alignedwith the desired
shape of the product, called model, in such a way that any
differences can be easily detected.

Inmany cases, surface and dimensional quality inspection
cannot be performed simultaneously because dimensional
problems can influence the surface inspection and vice versa.
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This paper presents a novel method to align the point clouds,
obtained using laser reconstruction, with the mathematical
model of a product in such a way that the noise generated by
the dimensional problems is minimized. To do so, once the
point cloud is aligned with the desired shape of the product
using a state-of-the-art method [19], a second registration
is performed dividing the point clouds into several pieces
which will be aligned with different parts of the product.
This hierarchical method aligns the points belonging to each
part of the product independently so that the dimensions of
the product do not affect the surface quality inspection.

The rest of the paper is organized as follows. In Sect. 2,
a brief review of the most related work is given. In Sect. 3,
the proposed method is described. In Sect. 4, the experi-
mentation method is described and the results are given in
Sect. 5. Finally, Sects. 6 and 7 give discussions and conclu-
sions, respectively.

2 Related work

The quality of long products can be inspected using differ-
ent techniques. The most important are those based on 3D
reconstruction such as photometric stereo [8] or laser recon-
struction [20]. In this paper, we focus on the use of laser
reconstruction as it is more suitable for generating point
clouds that can later be aligned with a mathematical model.

Laser reconstruction is performed using cameras that
acquire a projected laser line over a surface. As the positions
of the camera and the laser source are known, it is possible
to calculate the distance between the object detected and the
laser source. The camera and the laser are often sold as a sin-
gle product, called a profilometer, which can produce dense
point clouds that represent the product using profiles taken
at high speed.

Laser techniques are applied to manufactured products to
obtain a complete reconstruction using robotic arms [14] or
by moving the product through a laser plane generated by
several sensors while scans are acquired [13]. This second
approach is often integrated in the production line of many
types of long products using the movement of the product
during the last stages of the manufacturing process. Each
scan of the product acquired while it moves through the laser
plane (or measurement plane) is called a profile. This is a
transversal section of the product that can be compared with
the desired shape. A point cloud is generated from each pro-
file that can be used to extract many different features of the
product, such as its dimensions [12], volumetric anomalies
[4] or flatness [11]. In order to extract information from the
point clouds, three approaches can be used depending on the
purpose of the application and the level of detail needed.

The first approach is based on approximating the points
to primitive forms, that is, arcs and segments, in order to get

a smooth contour of the product. These primitives can then
be compared to the desired transversal section of the prod-
uct to detect dimensional issues [12], which are differences
between the dimensions of the product and the ones expected,
such as product height. If a third dimension is included, the
points can also be approximated to surfaces in order to fit a
complete shape instead of a contour. This method has been
used to evaluate the structure of bridges [21]. However, using
this approach the detailed information that the dense point
clouds give is lost as the whole cloud is smoothed to be
approximated to surfaces or primitives.

The second approach consists of approximating the point
cloud directly to the product without approximating it to
primitives or surfaces. Using this method, all the detail stored
in each point is used to create a precise comparison between
the scanned product and the desired surface, generating a
topographic map of the surface [3]. Using these images, a
surface inspection system capable of detecting small anoma-
lies in the surface of the products can be developed [2]. In
order to calculate these differences, the point clouds must
be aligned with a mathematical representation of the desired
shape of the product, called a model.

The third approach does not use a model but only the
information given by the point clouds. The distance between
neighboring points in the point cloud is calculated and ana-
lyzed to detect abnormalities [16]. This method cannot be
used when the desired shape is not flat or smooth so it may
not fit in some cases.

The point clouds must be aligned to themodel of the prod-
ucts if one of the two first approaches is used [10]. This
alignment is called the registration method. Registration is
usually done with a two-step method [19, 23]. In the first
step, the cloud is moved and/or rotated in order to be almost
aligned with the model using the centroids to calculate the
transformation. Then, a second transformation is calculated
to align the point cloud and the model perfectly. This second
registration step is performed with some kind of iterative
algorithm such as iterative closest point (ICP) [25] or glob-
ally optimal ICP (Go-ICP) [22] which only converges if it
starts from a close solution, given by the first step.

The kind of application should lead to a registration pro-
cess that uses all the points at once as 3DMatch [7, 24] or
a registration that is made profile by profile for reducing or
even eliminating the effect of vibrations,movements and flat-
ness problems during the inspection process. This paper is
thought for an industrial environment, so the second approach
is used.

The time spent on processing the point cloud is critical
in processes such as product inspection in fast production
lines or augmented reality applications. In these situations,
the processing must be done as fast as possible in order to
meet strict real-time restrictions. This speed can be achieved
by implementing the method in hardware using GPUs [5]
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or FPGAs [6]. The cost of this kind of hardware is high, so
in order to run the registration process in computers with
no hardware accelerator, it must be optimized using real-
time strategies such as reducing the amount of data or saving
information from previous iterations [9].

3 Proposedmethod

The registration process of a point cloud to a mathematical
model is performed in two steps. The first step is usually suf-
ficient for many purposes. However, to better align the whole
surface and avoid errors produced by dimensional problems
in the product, a second step of registration is performed
using the knowledge obtained from the first step.

First, the productmust be defined.Thismethod is designed
for long products, which are products whose shape can be
well defined by a transversal section. This transversal section
is usually defined mathematically using arcs and segments,
called primitives. The set of arcs and segments that defines
the transversal section of a product is called a model.

The point cloud obtained from scanning a transversal sec-
tion of a long product is called a profile. The set of all the
profiles scanned from a product can be used to reconstruct
the complete product. In the case of the long products, a set
of sensors must be placed around the product and the pro-
files must be obtained while the product is moving. Usually,
these sensors, called profilometers, are devices composed of
a laser source and a camera.

The case of study for this paper is a long product that
requires strict quality standards: a rail. In Fig. 1, the place-
ment of the sensors is shown as well as the real piece of
rail used for the study. As shown in Fig. 1a, the profiles of
the product are acquired with four sensors placed around it.
Thus, the scan is made up of four different point clouds that
must be aligned to the model.

The proposed method is thought to be used just after the
product is manufactured in an industrial facility. Therefore,
the vibrations that are produced in such environment must be
taken into account. The set of profiles cannot be aligned with
a complete representation of the product at once, they must
be aligned one by one in order to get rid of the deviations
produced by vibrations. In the case of surface inspection,
aligning the profiles one by one also mitigates the effect of
flatness defects in the product.

3.1 First registration step

In the first step of the registration process, there is no knowl-
edge of the positioning of the points of the point cloud with
respect to the model. Therefore, the whole model must be
used in order to obtain the optimal alignment. In this case,
four different partial models are obtained in order to per-

form the registration, as shown in Fig. 1c. These four partial
models are defined according to the sensor placement and
international standards used for rails [18] which define four
zones of interest called A, B, C and D in [17]. Each of the
point clouds shown in Fig. 1a is aligned to one of the partial
models shown in Fig. 1c, which are zone A, zone BL, zone
BR and zone D. The zone C is combined with the zone B in
both sides because the sensor that acquires the profile from
the side of the product acquires both zones B and C of the
same side.

First, a coarse registration is performed to approximately
align the point cloud with the model. This registration is
based on the alignment of the centroids and orientations
between the model and the point cloud. First, the centroid
of the model and the centroid of the point cloud are aligned
by shifting the centroid of the point cloud to the centroid of
the model. The centroids are calculated as the average posi-
tions of all the points. Then, the point cloud is rotated to
align its orientation with that of the model. The orientation
is calculated based on principal component analysis (PCA)
to estimate the normal of the surface.

The coarse registration approximates the point cloud to
the model so a more accurate registration procedure can be
applied in order to get the best alignment. This fine regis-
tration is performed using ICP algorithm [1]. This algorithm
estimates the correspondences between the point cloud and
the model by searching for the closest point in the model to
each point in the cloud, and it computes a rigid transforma-
tion between them. This process is repeated until converging
on a local solution. As themodel can be divided in primitives,
arcs and segments, themethod only looks for the closest point
in the closest primitive.

After this first registration step, the point cloud and the
data are aligned, but several problems may appear related
to the dimensions of the scanned product. For this reason, a
second step, which incorporates the information provided by
the first step, is necessary.

3.2 Second registration step

After the first step of registration is performed, each point in
the point cloud has been assigned (or aligned) to a primitive in
the model. This information can be used for a second step of
registration using the same ICP algorithm in order to better
align the points with each primitive or set of primitives in
such a way that the dimensional problems do not affect the
surface inspection.

In this second registration, the model must be split into
several partial models in order to fit the different zones in
the contour. Figure2 shows three options according to the
definition of the sets of primitives.

In Fig. 2a, the partial models used are actually the primi-
tives in the model. These primitives are labeled using initials
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Fig. 1 Study case definition
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Fig. 2 Partial models for second registration step
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to refer to their class (A: arc, S: segment), their zone (H:
head, W: web, F: foot), their position (T: top, B: bottom) and
their side (R: right, L: left). Using these partial models, the
points corresponding to a primitive will be aligned only with
that primitive, so a perfect match between the points and the
model will only be achieved if there is not any volumetric
anomaly on the surface.

In Fig. 2b, the partial models are defined as fitting zones,
areas in which the human operators can use their physical
gauges to check the dimensions and the quality of the rails.
They are labeled according to international quality standard
zones [17]. Note that most of them are a set made up of
a segment and its adjacent arcs and many of these partial
models share some arcs with others. The shared arcs add
a non-deterministic condition to the assignment of points
to partial models: A single point could be assigned to two
partial models that share the arc in which the point has its
corresponding point. In order to eliminate this difficulty, a
third option is presented.

In Fig. 2c, the partial models of Fig. 2b are merged to get
partial models with no shared primitives while maintaining
clear divisions between the conceptual zones to be checked.
Following this idea, the point clouds acquired by the side
sensors can be divided into three partial zones that include
one wide angle and the adjacent flat zones. These zones are
the side and bottom of the head; the web and part of the top of
the foot; and the other part of the foot and the side of the foot.
The point clouds acquired by the top and bottom sensors are
not divided as the conceptual shape theymust fit is so simple.

There is only one overlap left in these partial models,
located in the side arcs of the head of the rail. This over-
lap, or shared arc, can be easily solved by using only the
points from each acquired point cloud to fit one set of partial
models. In this way, the points acquired by the top sensor
will be aligned to partial model A, while the points from the
right sensor will be aligned to partial model BR in the first
step and to partial models BR1, BR2 and BR3 in the second
step.

Taking into account the problems presented by the second
approach shown in Fig. 2b, only two sets of partial models
are proposed, shown in Fig. 2a and c.

3.3 Improvements

The first step of the registration process can be divided into
four different registrations: one per partial model or sensor.
These four executions are run in parallel to speed up the
whole process. However, the time spent to calculate the best
transformation for all the points in the point cloud and their
corresponding point in themodel is excessive. Thus, the algo-
rithm must include a subsampling technique to decrease the
number of points used. A cache that stores the primitive asso-
ciated with each point in the point cloud is included in each

registration process to speed up the registration of the next
profile of the product.

Subsampling is implemented with two different tech-
niques. The first, 1/N , takes one point of each N points in
the point cloud. This technique does not take into account
the distance between the points, and therefore, the zones in
which more points are acquired will have more weight in the
registration process. The second technique, Nmm, samples
themodel and creates a point cloudwith one point for each N
millimeters of profile. For each point in this sampled cloud,
the closest point in the model is calculated and added to a
new point cloud to be used in the registration process, giving
the same weight to all parts of the profile.

The second registration step follows the same approach
as the first: Only a subset of the points associated with each
partial model is used to calculate the transformation. While
it does include a cache for each partial model that stores the
primitive associated to each point in the point cloud, this is
only needed when the first approach of partial models shown
in Fig. 2a is not used.

The second registration step has an additional feature: a
rejection factor. The points corresponding to a defective sur-
face are further from the model than the rest. If they are
used for the registration, they introduce an error as the pro-
cess tries to minimize the distance between the points and
the model. These points can be detected as outlier values of
the distance. Thus, the registration process is improvedwith a
rejection factor that only takes into account the closest points
to the model to calculate the transformation.

4 Experimental protocol

The piece used for the experimentation, shown in Fig. 1b,
has several defects which should be preserved during the reg-
istration process. However, this piece was selected for this
test as it has a dimensional defect. This defect is located in
the web of the rail which is shorter than the desired one, so
the distance between the head and the foot does not fit the
model. The dimensional defect should not appear as a sur-
face defect in the final diagnosis of the product, so it should
be eliminated in the registration process or in a later step of
processing. Dimensional defects can also affect the way in
which the surface defect are measured. In Fig. 3, an exam-
ple of how dimensional defects can affect in other measures
is shown. In this paper, the second step of the registration
process is designed to eliminate the influence of these dimen-
sional defects to obtain better results while inspecting the
surface of a product.

If only the first registration step is performed, the point
clouds of the sides of the product can be aligned with either
the bottom of the head or the top of the foot of the rail.
The ICP algorithm converges into a solution near the coarse
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Z coordinate of surface defect

Z coordinate of dimensional defect

Z coordinate of the model
A

B
C

A �  Magnitude of the dimensional defect

B �  Measured magnitude of the surface protrusion

C �  Real magnitude of the surface protrusion

Fig. 3 Surface defect measuring in a dimensional defect

Fig. 4 Dimensional defect in the test piece

registration output. The coarse registration can be near the
top or the bottom, so it will directly influence the final ICP
solution. This adds some uncertainty to the final registration.
In Fig. 4, the dimensional defect of the test piece can be
seen in the final registration (coarse and fine registration of
the first step): The alignment is different on the left and the
right sides. Therefore, the process result is not deterministic
in this kind of situations. In the figure, the point cloud on
the left side aligns with the bottom of the model, while on
the left, it aligns with the top of the model. Therefore, the
result is different in both sides, giving the impression that a
defect exists in the top left side and in the bottom right side.
In Fig. 4, the model is shown in green and the points in red.

The uncertainty given by the local solution obtained using
the ICP algorithm can be mitigated using derived methods
such as globally optimal ICP (Go-ICP) [22]. However, this
options will not provide a solution to the local registration
that is needed in order to eliminate the problem produced
by the dimensional problems shown in Fig. 3. The Go-ICP
algorithm will be tested and compared with the ICP method
used in the first registration step to check which of them
provides a closer solution fromwhich the second registration
step can start.

The dimensional defect of test piece is in the web of the
rail, the middle section, which a bit shorter than the models.
In a previous work [2], the information of the registration
process is used to create topographic maps of the surface
of rails. In this previous work, the dimensional defects were
eliminated using image filtering.

The experimentation with the second registration step will
be carried out using three test cases that appear in the piece
shown in Fig. 1b. The first test case is in the bottom part of
the head on the rail in which both types of defects appear,
a surface defect and a dimensional defect. The second test
case is given by a big protrusion that appear in the web of the
rail (a product identifier) in order to test the viability of the
methodwhenever a defect of the same size that the primitives
in which it is located appears. The third test case is located
in the upper side of foot of the rail in which the density of
the points is low providing information about the influence
of the density of the points in the method.

The test cases defined before will be studied in using four
different registration options:

• Using only the first registration step that provides reg-
istration between the whole point cloud obtained by a
sensor and the model.

• Using two-step registration method based on each prim-
itive in the model as defined in Fig. 2a.

• Using two-step partial registration based on conceptual
zones as defined in Fig. 2c with a sampling of 1 in 20
points.

• Using two-step partial registration based on conceptual
zones as defined in Fig. 2c with a sampling of 1 point per
2mm.

5 Results

First, the comparison between the ICP and the Go-ICP regis-
tration is shown in Fig. 5. The comparison is made using the
three test cases defined in the previous section. In the figure,
the points corresponding to ICP registration are shown in red,
while the ones from Go-ICP registration are shown in blue.
It can be seen that the results are very similar; the blue points
almost are exactly at the same position that the red ones.
These experiments were carried out using one-step registra-
tion. As this experiment shows that both methods provide
very similar results, only ICP method will be used from now
on to perform the rest of the test as the Go-ICP method has
more complexity and therefore it needs more computational
resources.
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(a) Dimensional and Surface
defect

(b) Big surface defect (c) Low density of points

Fig. 5 Registration using ICP (in red) and Go-ICP (in blue). Model is shown in green

Fig. 6 Examples of results

(a) Dimensional
Problem: 1-step
registration.

(b) Dimensional
Problem: 2-step
primitives regis-
tration

(c) Dimensional
Problem: 2-step
partial registra-
tion with 1 in 20
points

(d) Dimensional
Problem: 2-step
partial registra-
tion with 1 point
per 2mm

(e) Product ID (pro-
trusion): 1-step regis-
tration.

(f) Product ID (pro-
trusion): 2-step prim-
itives registration

(g) Product ID (pro-
trusion): 2-step par-
tial registration with
1 in 20 points

(h) Product ID (pro-
trusion): 2-step par-
tial registration with
1 point per 2mm

(i) Low Density Zone:
1-step registration.

(j) Low Density Zone:
2-step primitives reg-
istration

(k) Low Density
Zone: 2-step partial
registration with 1 in
20 points

(l) Low Density Zone:
2-step partial regis-
tration with 1 point
per 2mm

Fig. 7 3D Visualization of the
results

(a) 1-step registra-
tion: Lateral view

(b) 2-step primitives
registration: Lateral
view

(c) 2-step partial reg-
istration with 1 in 20
points: Lateral view

(d) 2-step partial
registration with 1
point per 2mm: Lat-
eral view

(e) 1-step registra-
tion: Complete view

(f) 2-step primitives
registration: Com-
plete view

(g) 2-step partial reg-
istration with 1 in
20 points: Complete
view

(h) 2-step partial reg-
istration with 1 point
per 2mm: Complete
view
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Table 1 Metrics of the experiments

Method Subsampling Rejection factor Defect depth (mm) Zone Response time (ms) Distance to cloud (mm)

One step (State of the art) 1/20 1 0.64 (Error −0.86) Top 0.222 0.0108

BR 0.948 2.2702

Bottom 0.213 0.0103

BL 0.854 0.0526

Two steps (Primitives) 1/1 1 1.45 (Error −0.05) Top 8.844 0.0042

BR 13.172 0.0035

Bottom 4.563 0.0006

BL 11.638 0.0062

Two steps (Partial) 1/20 0.95 1.67 (Error 0.17) Top 0.144 0.0086

BR 1.872 0.1210

Bottom 0.211 0.0214

BL 2.509 0.0394

Two steps (Partial) 1/10 0.95 1.71 (Error 0.21) Top 0.142 0.0085

BR 1.923 0.0458

Bottom 0.206 0.0191

BL 3.120 0.0397

Two steps (Partial) 2mm 0.95 1.60 (Error 0.10) Top 0.155 0.0091

BR 8.537 0.0292

Bottom 0.231 0.0101

BL 6.905 0.0311

Two steps (Partial) 5mm 0.95 1.63 (Error 0.13) Top 0.147 0.0085

BR 4.110 0.0416

Bottom 0.212 0.0194

BL 3.491 0.0737

Figure 6 shows examples of the results in three problem-
atic zones: a dimensional problem (Fig. 6a–d), a product
identifier (Fig. 6e–h) and a zone with low point density
(Fig. 6i–l). The state-of-the-art methodwith no second step is
included as well as a measurable surface defect in the head of
the rail (see Fig. 6a–d) used to test the results against surface
quality inspection.

In order to give a better visualization of the results, the
piece is represented in color. The color represents the distance
between the points and themodel.When the points are inside
the model, the distance is represented as a negative number
while if it is outside the model the distance is represented as
a positive number. The color scale used goes from blue to
green to red representing the interval [-4,4] millimeters. This
means that the protrusions should be represented in red and
the holes should be represented in blue. This visualizations
are shown in Fig. 7.

These methods have been tested with more that 10,000
profiles in order to obtain relevant performance metrics. The
response time in this kind of application is critical because
of the real-time restrictions of the manufacturing process.
The depth of the surface defect is also measured from the
model to the deepest point acquired in the defect. Its nominal

value is 1.5mm. These measurements are shown in Table 1
proving that the hierarchical method proposed improves the
measurement of the surface defects compared to the current
state-of-the-art registration. These tests are carried out in a
Intel Core i5-7400 CPU at 3.00GHzwith 16GBRAMmem-
ory.

The metrics of the performance test are shown in Table 1.
In this table, the average response time is shown for the pro-
files acquired by each sensor as well as the average distance
from the points to the model.

In order to give more information about the registration
time depending on the method used, the histograms of the
registration timesmeasured are shown inFigs. 8, 9, 10 and11.
As long as the top and bottom zones are not problematic, their
histograms are not shown to focus in the problematic zones
belonging to the sides of the rail, zones BL and BR.

As the tests were carried out in a specific computer
described above, it is also interesting to measure the usage
of the resources of the computer during the experiment. To
do so, during the tests the CPU usage was measured and it is
shown in Fig. 12.
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(b) 1 Step: BL Zone

Fig. 8 Registration time histograms for one-step procedure
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(a) 2 Step Primitives: BR Zone
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(b) 2 Step Primitives: BL Zone

Fig. 9 Registration time histograms for two-step primitives procedure

Registration Time (ms)

R
el

at
iv

e 
Fr

eq
ue

nc
y

0 5 10 150.
00

0.
10

0.
20

0.
30

(a) 2 Step Partial 1/20: BR Zone
Registration Time (ms)

R
el

at
iv

e 
Fr

eq
ue

nc
y

0 5 10 15

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

0.
30

(b) 2 Step Partial 1/20: BL Zone
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(d) 2 Step Partial 1/10: BL Zone

Fig. 10 Registration time histograms for two-step partial 1/N procedure
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(d) 2 Step Partial 5mm: BL Zone

Fig. 11 Registration time histograms for two-step partial 1 per Nmm

Fig. 12 CPU usage during the
test

6 Discussion

In this section, the results will be discussed. First, we will
discuss the effectiveness of the proposed methods in the reg-
istration process. Then, the performance in terms of response
time will be discussed.

Using the partial models from the first approach, shown
in Fig. 2a, the adjustment at all the primitives is improved by
eliminating the dimensional defect completely alongwith the
noise it may produce in further processing. It is important to
note that the elimination of the defect is done symmetrically,

on both sides of the rail. However, this first approach proved
to be unsuitable for rails as this type of product has known
volumetric anomalies that causes the registration to fail as it
looks for the minimum average distance between the points
and the partial model. In Fig. 13, one protrusion, a product
identifier, is shown as an example of a common volumetric
anomaly in rails. The protrusion is almost as long as the
primitive in which it is placed, so the registration aligns the
point cloud in such a way that the result is inaccurate and
noisy although it minimizes all the distances. This situation
produces anomalies as it is shown in Fig. 7b, where it can be
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Surface of the rail

Engraving

Fig. 13 Problem when aligning to primitives with a protrusion

seen that near the product identifier some blue zones appear
as the protrusion is understood as the surface of the product.

Using the partial models from Fig. 2c, the dimensional
defect is also eliminated. The problem caused by the protru-
sion shown in Fig. 13 is still an issue even when the partial
models are larger. The effect of these volumetric anomalies
can be reduced using a rejection factor as defined in Sect. 3.3.
The rejector can eliminate the outliers and not use them in
order to calculate the transformation in the registration pro-
cess. The rejection factor can also be used in thefirst approach
but does not solve the problem with the product identifiers or
other large anomalies. Using the primitives as partial mod-
els when a large anomaly appears, the outliers are the points
which represent the surface of the rail because of the size of
the anomaly.

In order to speed up the process, a subsampling is also
performed. This means that the registration process for each
partial model does not take into account all the points in the
point cloud assigned to that partial model, but rather a sub-
set of them. Thus, the probability of a point from a defect
or anomaly being used in the registration process is also
reduced. This probability is reduced even more by using the
subsampling in addition to the rejection factor.

The results show that the partial models method success-
fully aligned each part of the product and was not affected
by surface anomalies such as product identifiers. However,
the subsampling method that uses 1 in N points for the reg-
istration is heavily affected by low density zones (as shown
in Fig. 6k). Thus, the best method for the second step hier-
archical registration in this case is the partial model method
using equidistant point sampling for registration.

Although using the partial models the dimensional
anomaly is eliminated from the surfaces, there are some areas
in the results that still shows that a dimensional problem
exists. In Fig. 7g and h, these areas are shown in the arcs that
join the web and the head of the rail.

The primitive registration method shows the best results
when there are no volumetric anomalies.When these anoma-
lies appear, the method shows errors that can be classified
later as defects or as expected anomalies like product identi-
fiers.

Depending on the type of product and the requirements of
the quality inspection, the method chosen may vary. While

the primitives method provides the best alignment, it is influ-
enced by volumetric anomalies. The partial method provides
slightly inferior alignment but it is much less influenced by
low density zones or volumetric anomalies when using an
equidistant subsampling for the registration process.

The times obtained from themethods give important infor-
mation regarding the kind of application in which they can
be used. Whereas the primitive registration gives the best
results in the registration process (when no big anomalies
appear), it is also the slowest one as shown in Fig. 9. The
difference between both sides of the product in this method
is explained by the influence that the product identifier has
in the registration process.

In terms of real-time processing, the most suitable method
is the one that uses partial models. Using this method, the
variation seen between the different types of subsampling is
important, see Figs. 10 and 11. Using 1/N subsampling is not
faster but themeasures aremore aggregated at a certain value,
which gives a more deterministic result in terms of response
time.Using thismethod, the results show that the hierarchical
method is fast enough to fulfill the real-time requirements of
some quality inspection lines.

One important feature to care about is the usage of the
CPU during the tests. The tests were carried out generating
theprofiles at 500Hzandusing four threads to process eachof
the four sides of the product. In Fig. 12, it can be seen that the
CPU usage is distributed near the 30%, which means that the
cores could be also used to do some other operations that the
application need during the registration. It is also seen that the
usage is similar to the one-step registration method, meaning
that these methods could be applied to current applications
with no hardware change required.

7 Conclusions

This paper proposes a novel two-step hierarchical registra-
tion method. The first step of the registration method is well
known but has some deficiencies when used by itself in
the presence of dimensional defects. The methods proposed
for the second step of the registration uses the information
obtained in the first step to improve the alignment of the
points to the desired model.

In order to fit any kind of inspection application, twometh-
ods have been designed. The first one aligns the points to the
model according to their correspondence to each primitive in
the model. The second one fits conceptual zones of the prod-
uct that human quality inspectors use to inspect the product.
Two subsampling strategies are also tested in order to speed
up the process using only a subset of the point cloud for the
registration. This reduces the number of operations.

The methods have been executed over more than 10,000
profiles in order to test their performance. These tests show
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that they are suitable for almost any quality inspection pro-
cess in real time by simply tuning the subsampling strategy.
Testing has been done successfully using a real piece of
product which has several problematic zones: a dimensional
defect, a protrusion and a low point density zone. In the piece,
there is also a surface defect that has been measured, show-
ing that the proposedmethods outperform the state-of-the-art
registration method in surface inspection applications, based
on a coarse registration and ICP.

Depending on the type of product, the best method may
vary. If the final product definition always has larger primi-
tives that the size of the potential anomalies, the primitives
methodwill give the best results. Otherwise, in order to elimi-
nate the influence of the anomalies, the partial method should
be chosen. Using the partial method, the density of the points
should be studied.With a homogeneousmethod, the subsam-
pling “1 in N” is faster as it requires fewer operations than the
equidistant sampling. However, if the density is not homo-
geneous, the equidistant method should be used.

The real-time constructions of the final application must
be taken into account being the best method for real-time
scenarios the one that uses partial models with 1 per N points
as a subsampling method. This option gives good results in
terms of both registration and response time.

This paper provides a set of well-tested methods that
can be selected by quality engineers in order to fit the
requirements of their product quality inspection line. Using
these methods, the registration process can be significantly
improved, while meeting the real-time restrictions thanks to
improvements such as caching and sampling. The provided
methods are also suitable for applications in which surface
anomalies and dimensional problems are expected,maintain-
ing good results in the registration process.
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